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The purpose of this engineering report is to provide a 
better overall understanding on the subject of anaerobic 
corrosion caused by sulfate-reducing bacteria (SRB). It is 
a compilation of scientific material from the microbiology, 
metallurgy, and petroleum fields. The effects of SRB is a 
topic of major concern in the petroleum industry.
The presence of sulfate-reducing bacteria can result in 
substantial economic losses and pollution of the 
environment. They cause the deterioration of metals, 
particularly iron and steel, which can affect oil and gas 
pipelines, offshore structures, waterflood injection 
systems, oil and gas storage tanks, and tubulars to name a 
few. They generate hydrogen sulfide which can cause oil and 
gas reservoirs to become contaminated or 'sour'.
This report will examine the general characteristics of 
sulfate-reducing bacteria. It will explain and review the 
classical and alternative mechanisms of corrosion caused by 
sulfate-reducing bacteria. It will examine the problems 
that occur as a result of their presence. This thesis will 
review methods used to detect sulfate-reducing bacteria. 
Finally, it will examine the methods that are used to 
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There appears to be a need to integrate all the diverse 
scientific material on anaerobic corrosion caused by 
sulfate-reducing bacteria (SRB). With that in mind, this 
engineering report attempts to provide a petroleum 
engineering perspective on this subject.
There is an extensive body of literature on the subject 
of anaerobic corrosion, or suifate-reducing bacteria (SRB), 
or some combination, much of which is written for other 
technical backgrounds. Also, the literature usually deals 
with a very narrow aspect of this topic, not allowing the 
reader to obtain a clear overall understanding. Therefore, 
this report attempts to provide a better overall 
understanding of sulfate-reducing bacteria (SRB), the 
corrosion problems that result from their activity, and how 
to deal with the problems associated with their presence.
Microbial induced corrosion (MIC) is a form of corrosion 
that results from the presence of aerobic and/or anaerobic 
bacteria, which leads to the classification : aerobic
corrosion and anaerobic corrosion. Aerobic corrosion occurs 
when oxygen is present in the surrounding environment. 
Anaerobic corrosion occurs when oxygen is absent from the 
surrounding environment. However, this classification is 
only used in conjunction with microbial induced corrosion.
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The aerobic and anaerobic bacteria that are involved in 
microbial induced corrosion can usually be found in 
coexistence and one can be dependent or independent of the 
other’s presence.
SRB are dependent on three features of their physiology ; 
they are anaerobic ; their growth is restricted to the 
availability of the necessary nutrients ; and they produce 
hydrogen sulfide. SRB are strict anaerobes, in other words 
oxygen inhibits their growth. They cannot utilize oxygen for 
their form of respiration as do most organisms. SRB utilize 
sulfate for their form of anaerobic respiration which in the 
process reduces the sulfate (SO4 2 ~ ) to sulfide (S2- ), hence 
the name sulfate-reducing bacteria. In the presence of 
oxygen the SRB remain in a dormant state and are ready to 
become active when the surrounding environment becomes 
anaerobic.
Even though SRB are not active in aerobic environments, 
when the surrounding environment becomes suitable for growth 
their activity can result in substantial economic losses and 
pollution to the environment. Major economic losses occur to 
iron and steel structures that are buried in soils or located 
in marine environments. They can also :
1) sour and plug oil and gas reservoirs ;
2) generate hydrogen sulfide ;
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3) corrode pipelines, injection systems, storage tanks, 
downhole tubulars, pumping equipment, offshore 
structures, e tc.
Corrosion caused by SRB is a more extensive problem than 
is commonly recognized in the petroleum industry. Until the 
time comes when the corrosion process is more fully 
understood, cooperation between microbiologists and engineers 
is essential in designing an appropriate program to control 
and prevent bacterial growth. That means the engineer must 
have a good understanding of the microbial and metallurgical 
aspects of the problem.
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2. LITERATURE SURVEY
J.H. Garrett*1> reported the existence of microbial 
corrosion in 1891 when he observed an increase in the rate of 
corrosion of a lead-covered cable which was linked to 
bacterial activity. M .W . Beijerinck* 2> discovered the 
presence of sulfate-reducing bacteria (SRB) in 1895. In 
1903, A. van Delden* 3 > reported the existence of marine, salt 
tolerant species of SRB. In 1910, R.H. Gaines* 4 > wrote a 
paper showing evidence that "iron bacteria" and "sulfur 
bacteria" were, in part, responsible for the corrosion of 
buried ferrous metals. This included both aerobic and 
anaerobic bacteria. By 1924, it was believed that the 
production of hydrogen sulfide by SRB played an important 
part in the corrosion of buried ferrous metals. L. Elion* 5 > 
discovered thermophilic varieties of SRB in 1925.
In 1931, M. Stephenson and L.H. Strickland* 6 > established 
that SRB (particularly in the genus Desulf ovibrio) contain an 
enzyme which they named hydrogenase, that uses hydrogen to 
reduce sulfate to sulfide.
In 1934, at the Provincial Waterworks in northern 
Holland, C.A.H. von Wolzogen Kuhr and I.S. van der Vlugt* 7 > 
noticed the corrosion of ferrous metals buried in wet, 
anaerobic, clay soils. They observed that iron sulfide was 
produced not only on the surface of the pipe but in the soil
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around the corroded pipe. They confirmed the presence of SRB 
and suggested that the SRB act as a cathodic depolarizing 
agent by acting as a hydrogen acceptor. They proposed that 
the SRB could remove the atomic hydrogen (H ° ) from the 
polarized cathodes and oxidize it to electrons and protons 
which was then utilized to reduce sulfate to sulfide.
During the 1940’s and 1950’s, C.E. ZoBell, investigated 
the role of SRB and other microorganisms in the petroleum 
industry*8> . In 1947, ZoBell* 9 » 10> investigated the
injection of the Desulfovibrio genus into a reservoir to aid 
in the release of hydrocarbons as a method of secondary oil 
recovery. This process worked very well in the laboratory 
but was not applicable in an oil field environment. He 
reported three major disadvantages :
1) the SRB corrode iron and steel ;
2) they generate hydrogen sulfide which contaminates 
the reservoir ;
3) the SRB themselves or corrosion products resulting 
from SRB can plug the reservoir or perforations.
From the 1950’s through the present, J.R. Postgate*11> , a 
microbiologist, has performed an extensive and thorough 
investigation of SRB. In 1979 he published a book entitled 
"The Sulphate-Reducing Bacteria". It was the first book
ER-3473
written that dealt specifically on the subject of SRB.
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3. PROBLEMS ASSOCIATED WITH THE PRESENCE OF SRB
3.1 OFFSHORE STRUCTURES
SRB can be found inside and outside offshore structures, 
in water or water/oil environments and are usually active if 
anaerobic conditions exist. The most commonly affected areas 
on an offshore structure are water injection systems, oil 
storage tanks, concrete gravity structures, drilling and 
production systems, and ballast legs. Outside the offshore 
structure the SRB can be found beneath marine macrofouling, 
in the seafloor sediments, seafloor pipelines, and in 
deposited materials (drill cuttings) around the structure.
A good example of marine macrofouling (biofouling) occurs 
when barnacles, mussels, seaweed, etc., become attached to 
the structure and create macro-environments which in turn 
create micro-environments suitable for supporting various 
forms of bacteria. These environments include anaerobic 
conditions that would support SRB. Once SRB activity has 
started on the surface of the metal the production of sulfide 
in the biofilm will increase the extent of the anaerobic zone 








Figure 1. Schematic representation of biofilm activity 
on a metal surface immersed in seawater (from Maxwell*12> )
Inside the offshore structure, particularly where 
stagnant conditions exist (ballast legs, storage tanks, 
etc.)» measurements have found that significant amounts of 
hydrogen sulfide can be generated by the SRB. The hydrogen 
sulfide concentration can reach levels high enough that may 
pose a threat to human life.
Most of these stagnant areas initially contain large 
volumes of water and oxygen which create a favorable 
environment for the growth of aerobic bacteria. After the 
oxygen is consumed by the aerobic bacteria the stagnant 
conditions become favorable for the growth of SRB and the 
production of hydrogen sulfide. Under some conditions both 
oxygen and hydrogen sulfide can be oxidized to form sulfuri
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acid by sulfur-oxidizing bacteria.
The biofilm deposits that are formed inside the structure 
can plug filters, valves, pipes, and even plug the 
perforations in the tubing in a water injection system or in 
a producing well.
Outside the offshore structure, anaerobic corrosion is 
associated with marine biofouling coupled with the presence 
of bacteria or by bacterial activity in the sediments 
surrounding the platform. The organisms produce deposits of 
gelatinous slime on the metal surface which is the initial 
stage of biofilm buildup outside the structure. The biofilm 
may contain aggressive metabolites or produce deposits that 
create differential aeration cells where the oxygen 
concentration is higher at one location of the metal than at 
another location of the metal. This creates an anodic and 
cathodic area on the metal which leads to intense localized 
corrosion on the metal surface. This may add to the existing 
corrosion processes that are already occurring.
The rate of corrosion for steel in seawater that contains 
active SRB is 10 to 20 times higher than in seawater 
alone<13> . In the seawater around the outside of the 
offshore structure there exists an inexhaustible supply of 
sulfate for the SRB to utilize. The offshore structure can 
also discharge treated produced water from the reservoir or 
drill cuttings from the drilling operation that contains
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nutrients for the SRB to utilize.
From 170 sediment samples taken in the North Sea it was 
determined that the number of SRB was highest in the top 
layers of the sediment and their numbers decreased rapidly in 
the first 20 cm (7.9 in) of depth. Below 20 cm (7.9 in), the 
presence of SRB was sporadic and below 50 cm (19.7 in) very 
few were detected. If the sediments were mixed the SRB could 
be found throughout the entire disturbed zone because 
nutrients from the top zone would also be mixed into the 
disturbed zone<14 > .
The anaerobic corrosion problems caused by the SRB can 
develop quite rapidly. The corrosion is usually very 
localized and tends to be pitted rather than uniformly 
corroded. Therefore, the damage to the metal can occur quite 
suddenly and unexpectedly.
3.2 RESERVOIR SOURING AND PLUGGING
In water injection systems (freshwater or saltwater) one 
of the primary concerns is the introduction of SRB into the 
reservoir. Their presence can result in reservoir plugging, 
premature abandonment of the well or field, souring of the 
oil and gas, and corrosion of the production and injection 
equipment. This may ultimately result in effective
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permeability and a decrease in the amount of recoverable oil 
and g as. If seawater is injected into the reservoir it can 
be assumed that the problems mentioned above could be 
accentuated due to the introduction of high levels of sulfate 
that are present in the seawater.
Souring in the reservoir may result from three different 
mechanisms : hydrogen sulfide may be produced by the
introduced SRB; by flushing out pockets of hydrogen sulfide 
produced by SRB during diagenesis ; or by hydrogen sulfide 
that was produced by a non-biological mechanism*15> .
Plugging in the reservoir can be a result of the SRB 
themselves. In general, their dimensions are in the order of 
3 to 10 microns in length and 1 micron in diameter. When the 
pore throats in the reservoir are smaller than the size of 
the SRB plugging by the SRB themselves can occur. The SRB 
can pass through the reservoir through fracture planes or 
areas where the pore throats are larger than the SRB. 
Therefore, it is then possible to establish areas far from 
the wellbore where the SRB may be present. SRB can also plug 
the reservoir with corrosion products that are produced by 
their presence and by biofilm buildup.
Seawater may be highly corrosive when it contains 
dissolved oxygen, therefore, before it is injected into the 
reservoir it is deaerated to remove the dissolved oxygen and 
filtered to remove the free solid particles. As a result the
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treated seawater becomes favorable for the SRB> particularly 
the barotolerant, marine Desulfovibrio species.
SRB are not always active in a reservoir prior to 
waterflooding. The conditions could be ideal for SRB 
activity but they are not present in the reservoir or the 
SRB are present in the reservoir but the supply of nutrients 
are not adequate for the SRB activity; the pH may be too 
low; or the reservoir temperature may be too high. SRB may 
be present and active in a reservoir but sulfide production 
may be delayed or may not appear in the production stream.
SRB activity in a reservoir after waterflooding could be 
a result of two causes. One is SRB being introduced into the 
reservoir. The second is if they were present prior to 
waterflooding, an adequate supply of nutrients (i.e., sulfate 
from seawater) could become available. Sometimes reservoir 
water cannot support SRB activity but when injection water is 
introduced into the reservoir and allowed to mix with the 
reservoir water, it may provide conditions for SRB activity 
and sulfide generation. Oxygen may be introduced into the 
reservoir that would permit aerobic degrading bacteria to 
utilize the hydrocarbons and produce substrates that could be 
used by the SRB as a carbon/energy source.
The injected water may cool the reservoir making it 
suitable for the SRB to grow and become active. In the North 
Sea the downhole temperature is approximately 100 0C (212 °F)
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and the injected seawater may decrease the temperature to 50 
°C (122 °F) or lower to distances of 100 meters (328 feet) 
from the injection well*15> . This substantial decrease in 
reservoir temperature allows for SRB activity.
It was believed that chemically produced hydrogen sulfide 
could only occur at temperatures above 150 °C (302 °F) and at 
temperatures below this, the hydrogen sulfide was produced by 
the SRB. There have recently been some mechanisms proposed 
that could account for the generation of hydrogen sulfide at 
temperatures below 150 °C. They are:
"1) Thermal degradation of organic sulfur compounds
in oil at temperatures greater than 80 0c (176 °F);
2) thermochemical sulfate reduction at temperatures
greater than 80 - 120 °C (176 - 248 °F); and,
3) reaction of sulfate with hydrocarbons at 
temperatures below 80 °C (176 °F) if mass transfer 
is not limited'^ 15> .
It is possible to determine if the sulfide was biologically 
or chemically generated (see section 6.6).
3.3 STORAGE TANKS AND PIPELINES
Storage tanks provide ideal environments for the growth 
of SRB. Once SRB become active in the storage tanks it is
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virtually impossible, to control the growth of S RB. Careful 
management of the stored hydrocarbons is important in order 
to avoid any possible contamination, particularly due to the 
presence of SRB.
Underneath the hydrocarbon phase in a storage tank there 
usually exists a layer of water (fresh, salty, or brackish 
water) and possibly a layer of sediments and/or sludge. 
Sulfate reduction can occur in the water layer and/or 
sediment and the production of hydrogen sulfide can 
contaminate the stored oil and/or gas. Once again, if oxygen 
is present aerobic oil degrading bacteria can produce 
substrates for the SRB to utilize. If dissolved oxygen is 
added to the water zone to inhibit SRB growth, the design 
allowances must be made to the storage tank to allow for the 
increase in corrosion.
Inside a pipeline the corrosion is usually due to biofilm 
buildup (plugging) or SRB activity occurring in micro-niches, 
crevices, cracks, inside tubercles, or underneath the 
biofilm. SRB activity on the exterior of the pipeline is 
sometimes a result of the pipelines being buried in clay or 
clayey soils. This type of environment may eventually become 
waterlogged and anaerobic creating an environment suited for 
SRB growth. The corrosion problems in this type of 
environment can usually be detected when excavating the soil 
surrounding the pipe. There is a smell of hydrogen sulfide
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('rotten egg’ smell) and the soil is stained black (FeS 
precipitate).
3.4 HYDROCARBONS
Sulfide generation by the SRB can sour oil and gas in the 
reservoir, storage facilities, or any locale where hydrogen 
sulfide is present with hydrocarbons. If dissolved sulfur is 
contained in the crude oil the SRB can utilize the sulfur and 
generate hydrogen sulfide.
SRB can be introduced into the reservoir during acidizing 
and fracturing programs, waterflood programs, during the 
drilling process, or could already be in the reservoir. They 
are usually easy to detect in most water and rock samples 
obtained from the reservoir.
It is generally accepted that SRB cannot utilize 
hydrocarbons for a carbon/energy source. However, there have 
been some questionable reports to the contrary. There have 
not been any recent microbiological studies indicating that 
hydrocarbons can be degraded under anaerobic conditions. If 
anaerobic/aerobic conditions exist, aerobic oil degrading 
bacteria can provide substrates (fatty acids, alcohols) for 
the SRB to utilize. "There are organic constituents of crude 
oil (i.e., phenolic compounds) which may provide suitable
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substrates for [SRB] ,r< 1 5 > . This can occur in oil/water 
emulsions in the presence of oxygen.
3.5 CORROSION OF STEEL AND OTHER ALLOYS
3.5.1 Mild Steel or Iron
When mild steel or iron is exposed to cultures of SRB the 
metal becomes coated with a film of iron sulfide (FeS). The 
iron sulfide formation is a result of the ferrous iron on the 
metal's surface reacting with the hydrogen sulfide generated 
by the SRB. SRB can generate other forms of sulfides (HS-,
S2*) depending on the pH of the surrounding environment but 
the reaction always produces iron sulfides.
The film may initially protect the underlying metal from 
the SRB and from other forms of corrosion. When the 
film weakens, forms a crack, or becomes detached, the newly 
exposed metal becomes susceptible to an aggressive pitting 
attack. This occurs because the newly exposed metal acts as 
an anode and the film acts as a cathode. The pitting attack 
is aggressive because of its autocatalytic nature. That is, 
the anode (the newly exposed metal) is quite small while the 
cathode (the film) is quite large. The tendency is for the 
small anode to supply electrons and satisfy the large demand
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for electrons by the cathode. As a result, the metal pits 
very rapidly which can perforate the metal.
3.5.2 Stainless Steels
The same process involved in the corrosion of mild steel 
or iron occurs with the stainless steels. A film of iron 
sulfide forms around the metal which later can become 
damaged. Once the film is damaged coupled with the presence 
of SRB an aggressive pitting attack can ensue.
Stainless steels situated in seawater that are protected 
by cathodic polarization (cathodic protection) can experience 
a decrease in the protective effects of cathodic polarization 
when bacteria are present. This results in an increase in 
the rate of corrosion (This subject is discussed further in 
section 5.2).
Monels and other corrosion resistant alloys are also 
affected by SRB in anaerobic environments and are subject 
pitting attack.
3.5.3 Copper Alloys
It was commonly believed until recently that copper ions
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and copper salts resulting from the corrosion of copper were 
usually toxic to all organisms. This is not the case for 
bacteria, particularly SRB, in fact, they are very resistant 
to high concentrations of copper. Copper, bronzes, copper 
steels, and copper nickel alloys are seriously affected by 
microbial growth*16> .
Again, a sulfide film (cuprous sulfide) forms on the 
surface of the metal and when breaks occur in the film the 
exposed areas become anodic and the sulfide film becomes 
cathodic. The exposed areas become sites for potential 
pitting attack. The cuprous sulfide film can also form in 
the defects of the cuprous oxide film. These regions appear 
to act as local anodes that promote rapid corrosion during 
periods of oxygenation* 1 7 > .
3.5.4 Aluminum Alloys
As with the steel, pitting attack occurs on the aluminum 
when it is immersed in seawater. The mechanism is believed 
to be a result of cathodic depolarization.
SRB in an aqueous phase can increase the rate of 
corrosion of aluminum from 3 to 100 times*17 > .
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3.5.5 Corrosion of Alloys in Saltwater
Most corrosion studies performed in marine environments 
usually use artificial seawater or seawater that is old and 
stagnant. This can create results that are not consistent 
with observations that are made in the field. When corrosion 
studies are performed correctly in the marine environment, it 
has been found that almost immediately after the metal is 
placed in the seawater, a surface film of microorganisms 
attach themselves to the metal.
Kalinenko< 18 > found that bacterial colonies formed on 
aluminum, brass, and bronze coupons when immersed in fresh 
seawater. He also found that the bacterial colonies 
accelerated the electrochemical process of corrosion.
When the seawater is polluted, it is easier for the 
bacteria to attach themselves to the metal and colonize its 
surface. The following metals were immersed in polluted 
seawater to observe the levels of bacterial colonization : 
aluminum, brass, copper, 70/30 copper nickel, stainless steel 
(AISI 304), and titanium. Titanium was the most densely 
populated, followed by the stainless steel (AISI 304), 
aluminum, brass, 70/30 copper nickel, and copper*19> . 
Accelerated rates of corrosion have also been observed on 
copper nickel alloys and chrome containing steels when 
immersed in polluted seawater* 2 0 > .
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3.6 CONCRETE
Concrete is used extensively in the petroleum industry on 
offshore structures, for the plugging of wells, and to form a 
barrier between the casing and formation rock. SRB can 
generate hydrogen sulfide in soils or water which can migrate 
to the aerobic zone where bacteria of the genus Thiobacilli 
oxidize the hydrogen sulfide to sulfuric acid. The sulfuric 
acid then attacks the concrete. The hydrogen sulfide does 
not have to be biologically produced to cause this damage, it 
can be chemically produced or naturally occurring.
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4. CASE STUDY
An oil field was experiencing unusually high rates of 
corrosion on uncoated 9% Chrome - 1% Molybdenum (9Cr - IMo) 
injection well tubing. Some of the 9Cr - IMo tubing was 
severely corroded after 9 to 16 months of service. The 
exterior of the tubing contained large pits (1 to 2" by 2 to 
6 ”) coupled with thick scale deposits. It was initially 
believed that the corrosion problems were a result of:
1) metallurgical incompatibility between the 9Cr - IMo 
and the water in the system;
2) active SRB generating Hg S under the corrosion 
deposits ;
3) SRB activity occurring in the stagnant areas of the 
annulus.
A major chemical company was contracted to identify the 
planktonic and sessile bacteria in the injection water and 
under the deposits. Analysis of the field water was 
performed in the field and then later in the laboratory.
Five gallons of injection water was obtained and sent to the 
chemical company. It was used to make culture mediums and 
dilution tubes for planktonic and sessile bacteria counts. 
The culture mediums were made to cultivate aerobic bacteria,
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anaerobic bacteria, and SRB. The aerobic medium was made up 
of a phenol red dextrose broth. The anaerobic medium was 
made up of a thioglycollate broth. The SRB medium was made 
up of a Postgate Medium B with acetate.
Planktonic bacteria levels in the water injection system 
were conducted with the culture mediums. A total bacteria 
count was performed using an ATP Photometer. The sessile 
bacteria levels were determined by scrapping corrosion 
deposits off of metal coupons that were installed one month 
prior.
Special sessile bacteria coupon holders were installed in 
selected injection wells in the system. Each coupon holder 
contains six round coupon studs of 0.5 cm2 surface area. The 
coupon studs were originally intended to be made out of 9Cr - 
IMo but there was not enough time to manufacture the special 
studs. The studs that were used were manufactured out of 
mild steel.
Data was collected from injection wells and at the water 
injection plants. The following tests were performed on 
site :
1) pH level
2) Hydrogen sulfide concentration






8) Aerobic bacteria count
9) Anaerobic bacteria count
10) Total bacteria count using an ATP Photometer.
Results of the tests from the water injection system 
follow in Table 1.
The 9Cr - IMo tubing was pulled from one of the injection 
wells. The exterior of the tubing contained scale buildup, 
pits, and tubercles. The tubercles (approximately 1 cm in 
diameter) were broken. The corrosion products and fluid 
contained within the tubercle were removed with a syringe. 
Serial dilution was performed on these samples to determine 
the number of aerobic bacteria, anaerobic bacteria, and 
sulfate-reducing bacteria. The pits were approximately 1 - 2  
mm deep and had a smooth layered appearance. The exposed pit 
was a classical example of pitting caused by the presence of 
SRB. The other corrosion pits that were not SRB induced were 
sharp and jagged. ATP analysis was also performed to 
determine the total number of bacteria present. Results can 
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From the results of the initial tests performed on the 
water injection system, the assumptions made prior to the 
tests were correct.
1) There are compatibility problems with the 9Cr - IMo 
tubing and water in the system. The large corrosion 
deposits on the exterior of the tubing is indicative 
of the incompatibility.
2) There is a very large number of sessile SRB located 
underneath the corrosion deposits.
3) There is a large number of sessile SRB attached to 
the metal coupons in the stagnant areas.
The results from the ATP test indicated that the total 
number of bacteria present was considerably lower than the 
actual number determined with culture mediums. The lower ATP 
Photometer results were probably a consequence of the solids 
in the test medium creating interference.
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5. METHODS OF CONTROL AND PREVENTION OF SRB
5.1 BIOCIDES
Biocides are chemicals used to kill, control, and prevent 
the growth or activity of microorganisms in industrial or 
petroleum systems. Biocides are also referred to as 
bactericides, microbicides (sic), and microbiocides.
The primary objectives of a biocide is to kill 
microorganisms and to keep corrosion products or solids from 
forming deposits. This will prevent suitable environments 
for microbial growth.
5.1.1 Inhibition of Growth
The corrosion problems caused by SRB are poorly 
understood and they are difficult to monitor, control, and 
treat. The apparent absence of SRB in a system does not 
necessarily mean that the system is under control. On the 
other hand, the presence of SRB in a system does not 
necessarily mean that problems exist. Therefore, it is 
difficult to implement an effective biocide program.
There has been a considerable amount of research and 
testing done on the effectiveness of biocides on SRB. There
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is a significant amount of data for the Desulfovibrio and
Desulfotomaculum genera but not for the other genera. It has
been established that the Desulfotomaculum genus is much more 
sensitive to biocides than the Desulfovibrio genus. The 
concentration of the biocide and the nature of the system are 
key factors that influence the effectiveness of the biocide.
The Desulfovibrio genus is very resistant to conventional 
biocides such as phenolics, quaternaries, antibiotics, and 
heavy metals (i.e., Hg2+, Cd2+, etc.). The reason the heavy 
metals are ineffective is that they react with the hydrogen 
sulfide to form heavy metal sulfides<11> . However, if 
hydrogen sulfide is absent, then the heavy metals are 
moderately toxic to the SRB. Generally, SRB are very
resistant to conventional biocides which makes the control of 
SRB very expensive and uncertain.
The selenate ion and the molybdate ion act as growth 
inhibitors to the SRB. The selenate ion competes with the 
SRB for sulfate and the molybdate ion depletes the SRB 
adenosine triphosphate (ATP) supply( 11> .
SRB are very difficult to control once they have become 
established in an environment. Their presence can alter the 
surrounding environment to make it suitable for growth. The 
generation of hydrogen sulfide by the SRB reacts with the 
oxygen in the system, thus, depleting the surrounding 
environment of oxygen. Also, the hydrogen sulfide can also
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react with some of the inhibitors, such as chromâtes and 
other heavy metals, and neutralize them making them 
ineffective against the SRB.
Mixed environments created by the presence of other 
bacteria can make it even more difficult to control and /  
prevent the growth of SRB.
5.1.2 Selecting and Evaluating a Biocide
When biocides are tested for their ability to kill SRB, 
the tests are usually conducted on planktonic (free-floating) 
SRB obtained from the bulk phase of industrial or oil field 
systems. Studies have shown that biocide concentrations used 
to kill or control planktonic SRB in the bulk phase do not 
kill or control sessile (active) SRB found on the metal 
surface. Furthermore, their susceptibility to biocides are 
considerably different. The presence of planktonic SRB often 
indicate that there may be an even larger sessile SRB 
population in the system situated in biofilms. Therefore, 
the effectiveness of a biocide may be questioned and any 
testing that is done should be performed on sessile SRB.
Hill< 21) suggests that the following questions should be 
asked when selecting a biocide. They are :
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1) Is the biocide effective at the pH of the system and 
does it remain effective through the pH range 
encountered in the system?
2) Does it lose its effectiveness when mixed with 
surfactants (cationic, anionic, nonionic)?
3) Is the biocide soluble in oil, water, or both?
4) Is the biocide stable or volatile?
5) Does the biocide present any health or handling 
problems?
6) What type of microorganisms does the biocide 
affect?
7) Is the effectiveness of the biocide affected by 
temperature or temperature changes?
8) Will the biocide corrode steel or other metals?
9) Is the biocide effective for long periods of time or 
does it lose it effectiveness rather quickly?
10) Is the biocide surface active?
11) How effective is the biocide in penetrating and/or 
removing biofilm buildup?
12) What is the cost for an effective biocide program?
The performance of a biocide should be evaluated after a 
minimum trial period of three months to six months when 
stability between the biocide and the system has been 
reached. If possible, it is recommended that the biocide be
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evaluated after a period of one year in order to take into 
account the effect of seasonal changes. The biocide should 
also be evaluated at the remote ends (inlet and outlet) of a 
system to make sure that there has not been a large decrease 
in concentration or degradation of the biocide. Evaluation 
of the biocides ’ performance should be performed on the 
sessile bacteria colonies because they contribute to the 
corrosion problems and system degradation.
In most systems, a dual, alternating biocide program is 
recommended to prevent the SRB from developing an immunity t 
just one biocide. The performance of slug treatments versus 
continuous treatment should also be evaluated. These two 
forms of treatment are discussed in the following section.
Dewar*22> suggests that some of the following questions 
should be asked when evaluating the biocides performance in 
system.
1) Is the biocide effective throughout the system?
2) Does the biocide control the growth of sessile SRB
and other sessile bacteria in a system or is there 
decrease of SRB activity on the metal coupons?
3) Does the biocide control or decrease the planktonic
SRB population, since planktonic SRB can become 
sessile SRB?
4) Does the biocide control the rates of corrosion as
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seen by special mass-loss coupons, visual 
inspections, and non-destructive examinations?
5) Is there a decrease in iron and sulfide 
concentrations in the system?
6) Does the biocide control injection plugging rates 
and pipeline corrosion failures?
5.1.3 Continuous Biocide Treatment Versus Slug Treatment
Continuous treatment with a biocide in a system allows 
the SRB and other bacteria to develop an immunity to the 
biocide, however, continuous treatment can keep bacterial 
counts low. A continuous treatment of a biocide coupled with 
slug treatments of another biocide seems to work quite well.
A continuous treatment can become quite expensive.
SRB and other bacteria develop an immunity much more 
slowly with slug treatments. Slug treatments usually kill 
numerous bacteria instantaneously since it acts as a * shock7 
to the system. Alternating slug treatments with different 
biocides appears to be very effective in controlling bacteria 
populations. The cost can be considerably less than 
continuous treatments.
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5.1.4 Bacterial Kill Tests
Bacterial kill tests are performed to determine the 
biocide concentration that is effective in controlling the 
growth of bacteria in industrial or field waters. The 
following method is used by Petrolite( 23> (TM) to determine 
the biocide concentration to be used to combat SRB. If it is 
desired to test the biocide concentration needed for aerobic 
or anaerobic bacteria only the appropriate culture bottles 
need be used.
First prepare a 1%  solution of the biocide by adding 1 ml 
of the biocide to a bottle that contains 9 ml of sterile 
water and mix thoroughly. This is a 10% solution of the 
biocide. Then transfer 1 ml from the first bottle to a 
second bottle that contains 9 ml of sterile water and mix 
thoroughly. This is a 1% solution of the biocide.
Using a 10 ml sterile syringe, add 10 ml of the field 
water to each of four nitrogen filled bottles. The first 
bottle acts as a control and biocide is not added to it. To 
the second bottle, using a 100 microliter syringe, add 50 
microliters of the 1% biocide solution. The concentration of 
this bottle is 50 p pm. To the third bottle, using the same 
syringe, add 100 microliters of the 1% biocide solution. The 
concentration in this bottle is 100 p pm. To the fourth 
bottle, using the same syringe, add 150 microliters of the 1%
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biocide solution and the concentration in this bottle is 150 
ppm.
After four to eight hours, depending on the application 
and desired contact time, the following steps are performed. 
Using a sterile, disposable 1 ml syringe, transfer 1 ml from 
the control bottle to a 10 ml SRB bottle that contains the 
appropriate nutrients for SRB growth. Using the serial 
dilution method discussed Section 6.2, make a series of 
dilutions into five or six SRB bottles. This will give an 
indication of the number of SRB present in the field water. 
Using a different syringe for each of the following three 
bottles transfer 1 ml from each bottle into three separate 
SRB bottles. Allow the bottles to incubate for at least two 
weeks at 32 - 38 °C (90 - 100 0F).
The serial dilution bottles that came from the control 
bottle will indicate the number of SRB in the field water.
If growth occurs in any of the other three bottles containing 
biocide, then the biocide failed at that concentration and 
contact time. If growth does not occur in the bottles, that 
will indicate that the biocide is effective in controlling 
SRB growth at that concentration and contact time.
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5.1.5 Non-Oxidizing Biocides
Non-oxidizing biocides work by altering the permeability 
of the microorganism's cell membrane thus interfering with 
its life support processes. Some of the mechanisms include :
1) coating or cross-linking of the biocide with the
cell membrane which prevents passage of nutrients 
into the microorganism and waste products out of the 
microorganism ;
2) it poisons the protein within the microorganism ;
3) it inhibits certain enzymes or interferes with the
metabolic transport chains*24> .
Non-oxidizing biocides can kill planktonic bacteria in a 
system and there are reports that some of the non-oxidizing 
biocides can penetrate into the biofilm, kill the sessile 
bacteria, and even remove some of the biofilm from the 
surface of the metal. However, it is difficult to determine 
the occurrence of these events. If the biocide can remove 
the biofilm from the metal surface, plugging, fouling, and 
other corrosion problems will still exist because the 
detached biofilm releases cell debris, iron sulfide, etc., 
into the system* 2 4 > .
Non-oxidizing biocides work very well in closed water
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systems or water towers where the biocide is able to have a 
long contact time with the microorganism. In most oil field
systems the contact time is not very long due to the large
size and high flow rates of the system.
A discussion of some of the non-oxidizing biocides that
are available follows.
5.1.5.1 Chlorinated Phenols
Chlorinated phenols (i.e., 2,4,5-trichlorophenol and 
pentachlorophenol) are very effective against algae, fungi, 
and SRB at 20 - 30 ppm. Chlorinated phenols are usually 
blended with diamine acetates (cocodiamine acetate). They 
also have corrosion inhibiting properties. They are not 
affected by the total dissolved solids (TDS) in the system. 
They are only slightly soluble in water and when in contact 
with oil they may cause some plugging problems especially 
when used with aldehydes.
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5.1.5.2 Cationic Compounds
5.1.5.2.2 Quaternary Ammonium Salts
Quaternary ammonium salts are effective over a wide pH 
range against bacteria and algae, particularly SRB, in waters 
that contain less than 10,000 mg/liter TDS< 2 3 > . Quaternary 
ammonium salts consist of long hydrocarbon chains or rings 
with eight to twenty-five carbon atoms bound to one nitrogen 
atom*24> . They are surface active and can cause emulsion 
problems.
5.1.5.2.2 Amines
Amines and diamines (i.e., cocodiamine acetate) are 
effective over a wide pH range and have corrosion inhibition 
properties. They are very effective in high salinity waters 
and in waters that have a high TDS content. It is surface 
active and can cause emulsion problems. They also may have 




Cationic polymers contain properties that are similar to 
the amines but cause less foaming problem's.
5.1.5.3 Aldehydes
Aldehydes are very effective in most brine waters that 
have a pH range from six to eight. However, they become 
inactive in the presence of sulfite. Bacteria can adapt 
easily to aldehydes if it is injected continuously into a 
system. The aldehydes include formaldehyde, acrolein, and 
glutaraldehyde. Formaldehyde is the least effective of the 
three. Acrolein has the ability to scavenge sulfides. 
Glutaraldehyde does not scavenge sulfide but is a very 
effective biocide. Glutaraldehyde is not affected by the 
amount of TDS in the system and is effective against SRB at 
concentrations of 30 - 40 ppm. Glutaraldehyde is compatible 
with polymers used in tertiary oil recovery and will not 
cause emulsion problems when mixed with oil. However, it can 





Methylene bis-thiocyanate (MET) is a very effective 
biocide, particularly against slime forming bacteria. Its 
effectiveness decreases at higher pH levels. It can react 
with water (hydrolysis) to produce compounds that are 
considerably less toxic than the MET. It is unaffected by 
salt concentrations.
5.1.5.4.2 Sulfones and Thiones
Sulfones (i.e., Bis (trichloromethyl) sulfone) and 
thiones (i.e., tetrahydro-3,5 dimethyl 1-2H-1,3,5 triadiazine 
-2-thione) are pH sensitive. The sulfones are effective in a 
pH range of 6.5 - 8.5 while the thiones are effective in a 
higher (alkaline) pH range*24> .
5.1.5.4.3 Thiocarbamates
Thiocarbamates are very efficient in combating slime 
forming bacteria, cellulolytic fungi, and SRB* 2 4 > .
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5.1.6 Oxidizing Biocides
Oxidizing biocides work by dissolving the bacteria which 
gives the oxidizing biocide a higher contact-kill percentage 
over non-oxidizing biocides, however, most of the oxidizing 
biocides react with water to produce hypochlorous acid. 
Hypochlorous acid will not only kill the bacteria, but will 
react with most substances (by-products and other 
contaminants) and is corrosive to most metals found in the 
oil field* 2 4 ),
A discussion of some of the oxidizing biocides that are 
available follows.
5.1.6.1 Chlorine
Chlorine is the most used of the oxidizing biocides. It 
is relatively inexpensive and works best when used with a 
non-oxidizing biocide. Chlorine can be introduced into a 
system as chlorine gas, sodium hypochlorite, calcium 
hypochlorite, chlorinated lime, or as a chlorinated 
cyanurate*24). It is very effective at low concentrations 
but a residual chlorine level (0.5 - 2 ppm) must be 
maintained throughout the system. Chlorine feed stations 
must also be placed throughout the system because the
ER-3473 41
chlorine can degrade rapidly when mixed with water. Another 
disadvantage is that it cannot penetrate into biofilms and 
attack the bacteria within the biofilm. Special equipment is 
needed to handle the chlorine. Chlorine also loses its 
effectiveness when the chloride concentration in a system is 
high or when there is a high concentration of suspended 
solids in the water.
5.1.6.2 Chlorine Dioxide
Chlorine dioxide (CIO2 ) is an effective biocide and is a 
considerably stronger than chlorine. It is effective in a pH 
range of 6 - 10. It has the ability to oxidize H 2 S and FeS 
to a soluble sulfate state. It cannot be used in stagnant 
areas and can only be used in a system where the fluid is 
flowing. Chlorine dioxide is usually produced on site using 
chlorine and sodium chlorite, therefore special handling 
equipment is necessary.
5.2 CATHODIC PROTECTION
There are two methods used to provide cathodic protection 
to a system or structure. The two methods that are used are :
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1) the use of sacrificial anodes
2) the use of impressed currents.
Sacrificial anodes are usually implemented when electric 
power is not available, the electric power may not be 
convenient in certain situations, or it may not be economical 
to use electric power. Sacrificial anodes protect the metal, 
usually steel, by coupling an alloy (magnesium, aluminum, or 
zinc) to the steel so that it corrodes preferentially. The 
purpose of the sacrificial anode is to be consumed rather 
then the metal to be protected. Figure 2 illustrates how 








Figure 2. Cathodic protection of a buried pipeline 
using a magnesium sacrificial anode (from Fontana<25> ).
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The impressed current method requires a direct current 
(D.C.) and an inert anode usually composed or iron or 
graphite located some distance from the structure that is to 
be protected. The source of the direct current is usually 
from a rectifier or a generator that supplies a low voltage 
direct current of several amperes. The negative terminal is 
connected to the structure that is to be protected and the 
positive terminal is connected to the inert anode, Figure 3 
illustrates how an impressed current provides cathodic 
protection.
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Figure 3. Cathodic protection using a rectifier to 
supply a current to an inert anode (from Fontana<25> ).
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On offshore structures cathodic protection is used to 
protect the steel from corrosion in a marine environment.
The steel is considered to be protected when a potential of 
-850 mV is achieved, with reference to the saturated calomel 
reference electrode (C u :CuS04). A potential of -850 mV 
(Cu:CuS04) is equivalent to a potential -530 mV (SHE). By 
lowering the potential another 100 mV to -950 mV (CuiCuSOO 
the steel is then protected in a sulfide environment. It is 
often believed that since a potential of -950 mV (CurCuSCU) 
protects the steel in a sulfide environment that this lower 
potential would also protect the steel from SRB activity 
since they produce hydrogen sulfide. However, tests<16> have 
shown that the lower potential does not protect the structure 
from SRB activity. SRB activity has been observed on the 
steel structures beneath the biofilms and the biofilms also 
contain hydrogen sulfide.
Maxwell^12> studied SRB activity on cathodically 
protected steel and unprotected steel. It would initially 
appear that the cathodic protection does protect the steel 
and decrease the rate of SRB activity. However, when a 
carbon source was introduced to the surrounding environment 
the SRB activity in both the protected and unprotected steels 
increased dramatically. This indicates that cathodic 
protection does not affect the activity of SRB in its natural 
environment.
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When cathodic protection is applied to a system one 
potential problem that can occur is hydrogen embrittlement. 
When a negative potential is applied to a metal, hydrogen 
ions may react with electrons on the surface of the steel to 
produce atomic hydrogen as shown in equation (1):
H+ + e~ ==> H° (1)
If active SRB are present producing hydrogen sulfide, 
particularly beneath biofilms or under the sediments on the 
seafloor, the atomic hydrogen has a better chance to diffuse 
into the steel.
5.3 USE OF PROTECTIVE MATERIALS
5.3.1 Use of Protective Coatings Onshore
Coatings can protect the metal from the surrounding 
environment by acting as a barrier. Some of the material 
used for protective coatings include : asphaltic bitumens,
coal/tar enamels, coal/tar epoxies, concrete or cement, epoxy 
resins, plastics, rubber derivatives, thermo-plastic 
polymers, and waxes. These materials should prevent the SRB 
and other bacteria from attaching themselves to the metal
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surface.
Failures can occur with protective coatings and usually 
result from poor application or by mechanical damage. Gaps 
in the coating, sometimes undetectable to the human eye, 
called 'holidays * can occur leaving the unprotected metal 
exposed to the surrounding environment. Mechanical damage to 
the protective coating can occur during delivery or 
installation and most of the problems are due to a lack of 
care or supervision.
5.3.2 Use of Conventional Anti-Fouling Paints and Novel Anti- 
Fouling Coatings Offshore
On offshore structures the most severe fouling occurs 
between the surface of the ocean and a depth of 30 meters 
(98.5 feet). Fouling, both macro and micro, increases the 
weight of the structure considerably, the surface roughness, 
and the diameter of the legs and other submerged members.
All of these increase "the hydrodynamic loading on the part 
of the structure that is subjected to the highest wave 
loadings and hence reduces its stability"^26> .
The objective of conventional anti-fouling paints is to 
prevent organisms from attaching themselves to the structure 
by continuously releasing toxic substances into the
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surrounding water. The toxins are suppose to be released at 
a controlled rate and the life expectancy (usually several 
years) of the paint can be predicted. In reality this does S' 
not occur and the paint fails prematurely. Therefore, it can 
be assumed that conventional anti-fouling paints have a life 
expectancy of approximately one year and are not adequate for 
use on offshore structures since the structure usually has a 
design life expectancy of 20 years.
In recent years novel non-toxic anti-fouling coatings 
have been developed. They use physical properties instead of 
chemical properties to protect the metal. They are made from 
silicone-rubber based material into which an exuding (oozing) 
fluid is added. "All of the materials are hydrophobic, which 
reduces the ability of the marine organisms to form bonds 
with the coating’s surface"* 2 6 > . The fluid exudes slowly to 
the outer layer of the coating, therefore, constantly 
renewing the coating with protective fluid. The life 
expectancy of this type of coating is a function of the 
amount of exuding fluid contained within the coating. By 
increasing the thickness of the coating the life expectancy 
of the coating can also be increased. This is a possible 
solution for offshore structures because of the paint’s 
increased life expectancy over conventional anti-fouling 
paints. However, the paint’s life expectancy is still 
considerably shorter than that of the offshore structure.
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5.3.3 Use of Self-Polishing Copolymers Offshore
SeIf-polishing copolymers*26> (SPC) have a significantly 
longer life expectancy than anti-fouling paints. The toxins 
are incorporated in the matrix of the SPC and new layers are 
constantly exposed because the matrix of the SPC is 
constantly dissolving. One major disadvantage is that the 
SPC was designed to be used on ships where the ships movement 
through the water will help erode the matrix and constantly 
expose new toxin. Normal wave action and wave currents on an 
offshore structure are not usually enough to provide the 
needed erosion to ensure the proper protection required. 
Another disadvantage is that the life expectancy of the SPC 
is still considerably shorter than the life of the off shore 
structure.
5.3.4 Use of Conner/Nickel Cladding Offshore
Copper/nickel (Cu/Ni) cladding has also been considered 
for use in protecting offshore structures. Cu/Ni cladding 
works well in protecting ships from fouling and biofilm 
buildup but does not work very well in protecting offshore 
structures. If the structure is cathodically protected the 
Cu/Ni cladding will lose its anti-fouling ability when in
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contact with seawater and steel. The erroneous belief is 
held that materials containing copper will not be affected by 
bacterial growth because the copper ions are toxic to all 
organisms. Bacteria are even resistant to high 
concentrations of copper ions*27> . Cu/Ni cladding is also 
very expensive. Galvanic corrosion may also result when the 
Cu/Ni is coupled to the steel.
5.4 CHLORINATION AND AERATION OF STAGNANT WATERS
SRB growth in stagnant waters pose a tremendous problem 
particularly inside ballast legs on offshore structures and 
in oil storage tanks. Two methods of control include 
chlorination and aeration.
Chlorination of stagnant water will kill the bacteria but 
environmental problems exist when the chlorine is mixed with 
hydrocarbons*28> . Another problem associated with the 
chlorination of water is that the chlorine degrades rapidly 
in water and loses its ability to kill bacteria, therefore, 
this method is not recommended for stagnant waters.
Aeration of the stagnant water is another possibility.
It will not kill the SRB but will inhibit its growth by 
forcing the SRB into a dormant, inactive state. There are 
not any environmental problems associated with the aeration
ER-3473
of water. To maintain an adequate level of dissolved oxygen 
the stagnant water can be aerated directly. On an offshore 
structure a continuous supply of fresh seawater can keep the 
dissolved level of oxygen high enough to inhibit SRB growth. 
Design allowances must be made to compensate for the extra 
corrosion caused by the increased amount of dissolved oxygen 
in the water. Monitoring the rate of corrosion, the 
dissolved oxygen level in the water, and water quality will 
decrease the level of SRB activity and control the corrosion 
caused by S RB.
However, there is a major disadvantage when the water is 
aerated. In an immersed phase the dissolved oxygen can 
produce a pitting attack that is more aggressive than the 
pitting attack resulting from the presence of SRB. Oxygen 
that is present under atmospheric or spray/mist conditions 
will cause the ferrous metal to rust. If the oxygen is 
dissolved in the immersed phase or in an alternating wet/dry 
environment (i.e., splash zone on an offshore structure) an 
aggressive pitting attack will result.
5.5 USE OF A NON-AGGRESSIVE BACKFILL
The use of a non-aggressive backfill is an excellent 
method to protect buried pipelines or metal objects from SRB
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This method will ensure aerobic conditions as long as the 
trench does not become waterlogged. If the pipe is to be 
buried in a clayey soil the trench should have some drainage 
system to prevent waterlogging from occurring. The metal 
pipe or object should be surrounded with a non-aggressive 
backfill such as chalk, gravel, or sand. The chalk will 
create an alkaline environment that can inhibit SRB activity 
or growth.
5.6 USE OF NON-METALLIC MATERIALS
There are a number of resistant alloys that are made of 
chemically inert materials, but they are usually very 
expensive*29> . Some of these materials include : fiber
reinforced resin materials, polyvinyl chloride (P VC), 
polyethylene, and cement products. The fiber reinforced 
materials are becoming more popular for use but there is a 
concern over their strength and durability. PVC and 
polyethylene have been used to a lesser degree but they 
contain plasticizers that are susceptible to biodégradation 
which leads to the embrittlement of the polymer* 3 0} . Cement 
products include: spun concrete, asbestos cement pipes, and
reinforced prestressed concrete, but, problems may exist if 
they are placed in contaminated soils and water.
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5.7 USE OF PHYSICAL AGENTS TO KILL THE SRB
5.7.1 Heat
High temperatures can kill most SRB within several 
minutes. For example, mesophilic Desulfovibrios can usually 
be killed at temperatures above 50 0 C (122 ° F ) unless they 
have adapted to the high temperatures. However, thermophilic 
SRB and spore-forming Desulfotomaculum may be quite heat 
resistant. The time it takes to kill the SRB is dependent on 
the environment, population of SRB present, and the rate of 
heat transfer in the water<11> .
5.7.2 Cold
SRB can survive in extreme cold as long as freezing does 
not occur. Sulfate reduction has been observed in an 
Antarctic pool where the salinity was approximately 12% and 
the temperature range was between -40 to 4 ° C (-40 to 39 
o f )( i i ) .
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5.7.3 Visible Light
Desulfosarcina variabilis is the only species of SRB that 
is sensitive to light. Its growth is inhibited when it is in 
the presence of visible light. They can only be cultivated 
in the dark( 31> .
5.7.4 Ultraviolet Light
SRB and other bacteria can repair the damage caused by 
the interaction of ultraviolet (UV) radiation with the 
nucleic acids in the cell, therefore, if the SRB are not 
killed the exposed (irradiated) bacteria can continue to 
multiply. One experiment^11> exposed a strain of 
Desulfovibrio vulgaris to UV light of a wavelength of 253.7 
nanometers (10*9 m ) and intensity of 44.5 microwatts/cm2 at a 
distance of 90 cm (35 in) which caused the bacterial 
population to drop from 10® to 102 bacteria/ml. After 10* 
minutes of irradiation the population was sterilized.
Another experiment^ 3 2 > exposed bacteria in a cooling 
water system to UV light of a wavelength of 254 nm and 
intensity of 14.5 watts. The composition of the cooling 
water was not affected by the UV light. As the cooling water 
with the bacteria passed by the irradiated area the kill rate
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on the bacteria was 93% to 99.9%.
The major problem with UV light is that it only kills at 
a point. For this method to be successful, the kill rate has 
to be 100% for all of the time or the bacteria will grow and 
multiply downstream of the treatment point.
5.7.5 Nuclear Radiation
Nuclear radiation*33> from nuclear waste material placed 
down oil wells has been considered. Tests proved that this 
method was 100% lethal to the bacteria but technical problems 
arose along with health and environmental hazards causing 
this method to be too. dangerous to be implemented.
5.7.6 Electromagnetic Radiation
Electromagnetic radiation*34) (microwaves) was considered 
with the intention of finding an optimum frequency for a very 
short exposure time that would kill or sterilize the SRB. One 
problem encountered was that electromagnetic waves, like UV 
light, focus their energy at a point or points. For example, 
in a microwave oven it is suggested that to cook something 
faster or more evenly, the object should be rotated so that
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it is better exposed to the microwaves. The other problem 
was that microwaves are too large to affect the SRB, 
especially for short exposure times. Microwave frequencies 
range from 300 to 300,000 MHz (106 Hz) or wavelengths of 0.1 
to 100 cm, which is much too large to affect the SRB.
5.8 SUGGESTIONS TO MAINTAIN A 'TROUBLE-FREE' SYSTEM
There are several precautions that can be incorporated 
to keep a system 'trouble-free* from SRB.
1) Implement an adequate monitoring program.
2) Regular scraping of the pipelines and tanks should 
be performed to remove and scale of biofilm buildup
3) Regular analysis of the solids, can determine the 
condition of a pipeline and SRB growth.
4) Water analysis and chemistry should be performed 
regularly.
5) Low velocity zones or stagnant areas should be 
avoided to prevent sessile SRB growth.
6) An effective biocide program should be incorporated 
and its effectiveness should be carefully monitored
7) Avoid mixing of untreated waters (i.e., seawater 
with reservoir waters).
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8) Proper adjustment of the pH to prevent scaling.
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6. METHODS OF DETECTION AND MONITORING OF SRB
When microbial induced corrosion is suspected, 
metallurgical, microbiological, and chemical analysis must be 
performed in order to evaluate the corrosion problems that 
are taking place in a system. The metallurgical analyses 
would include visual examination of the corroded metal, 
macroscopic and microscopic examinations, metallographic 
examination, mechanical testing of the metal, and 
non-destructive examinations (NDE) which include the use of 
ultrasonics and radiographic techniques. Microbiological 
analyses include bacterial sampling of the water, culture 
mediums to determine the presence of aerobic, facultative, 
and anaerobic bacteria, and various types of microscopy. The 
chemical analyses performed would include the composition of 
the scale, corrosion products, and water analysis. The 
latter would include the water temperature, pH, dissolved 
oxygen concentration, total dissolved solids, turbidity, etc.
When a system is believed to be undergoing microbial 
induced corrosion, a complete study analytical investigation 
must be performed. Its results would indicate the type and 
number of bacteria present. The study would also give an 
idea of bacterial population trends ; whether increasing, 
decreasing, or remaining constant, which is the best 
indicator of the system’s condition. By knowing the
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magnitude of the problem, the proper remedial measures could 
then be implemented to control the bacteria and the 
corrosion.
6.1 COLLECTION OF SAMPLES
All samples (liquid, corrosion, soil) should be placed in 
sterilized containers usually made out of glass or plastic. 
The collected samples should be analyzed as soon as possible 
or changes in the sample may occur. After a few hours of 
storage there are changes in the pH, oxygen concentration, 
temperature, chemistry, etc., which can affect the recovery 
and enumeration of the bacteria in the sample.
Documentation of where the sample was obtained is 
extremely important. Observations about the surrounding 
environment, the history of the system and the problem, and 
any other additional comments or information may prove to be 
useful.
Liquid samples can be obtained from flowing (i.e., 
pipelines) or stagnant (i.e., storage tanks) areas depending 
on the system and the problem. Corrosion or slime samples 
should be scraped from the steel surface and placed into an 
adequate growth medium depending on the sample obtained. The 
same applies to metal coupons. Soil samples from around
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buried pipelines and sludge from the bottom of storage tanks 
may also be collected for analysis.
6.2 SERIAL DILUTION METHOD
Serial dilution is a technique used for estimating 
bacteria populations. The results are reported as a range of 
numbers that increase by powers of ten (i.e., 1 to 9 or 10 to 
99 bacteria per milliliter, etc.). Different laboratories 
and companies may use variations of this methodology, but the
end result is the same.
Different culture mediums (broths) can be used to 
determine the presence and number of aerobic, anaerobic, and 
SRB. The culture medium contains the necessary nutrients and 
carbon sources to promote bacterial growth. The type of 
bacteria that is to be grown dictates the type of culture 
medium that is to be used.
Most techniques follow the procedure described in API 
RP-38< 3 5 > . A 10 ml serum bottle is filled with 9 ml of the
appropriate growth medium and is inoculated with 1 ml of the
field water sample using a sterile, disposable syringe. Once 
the bottle is inoculated the syringe is discarded. The 
inoculated serum bottle is shaken vigorously for 
approximately 1 minute. Using a new sterile, disposable
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syringe, 1 ml of the inoculated medium is withdrawn and 
injected into the second dilution bottle containing 9 ml of 
the appropriate growth medium. The syringe is discarded and 
the second dilution bottle is shaken vigorously for 
approximately 1 minute. This procedure is repeated from the 
second bottle to the third bottle and so on, until seven 
bottles have been inoculated. The seventh bottle will yield 
a dilution factor of 10"6 .
The dilution bottles are then allowed to incubate for a 
period of 5 to 28 days at which time it will be possible 
to estimate the bacterial population. Aerobic or anaerobic 
culture bottles becoming cloudy or turbid is a positive 
indication that bacteria are present. SRB culture bottles 
turn black as a positive indicator. The black color results 
from the reaction of the hydrogen sulfide generated by the 
SRB with ferrous ions present in the broth, forming iron 
sulfide (FeS). The number of positive bottles that contain 
bacteria is determined by the number of bottles that turn 
cloudy or black.
For example, as illustrated in Figure 4, six bottles are 
inoculated with SRB in a series of 1 : 10 dilutions. After 
the appropriate incubation period, the first four dilution 
bottles have turned black indicating that SRB are present.
The last bottle that is considered to be positive is bottle # 
4. By looking at Table 3 on the next page, the numbers
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across from bottle # 4 indicate that the number of SRB 
present range from 1,000 to 9,999 SRB in the original 1 ml 
sample.
so i:  iooooo i: ioooooo 
u todilutions
Figure 4. An illustration of the serial dilution 
method (from Holmes<36> ).
TABLE 3. NUMBER OF BACTERIA PRESENT PER POSITIVE BOTTLE
Bottle # Bacteria Present (bacteria/ml)
1 1 - 9
2 10 - 99
3 100 - 999
4 1,000 - 9,999
5 10,000 - 99,999
6 100,000 - 999,999
7 > 1,000,000
1 m l o f  s a m p le
io  i :  100 i :  iooo i :  ioo<
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6.2.1 Total Viable Count*37>
The bacterial samples are initially diluted by the serial 
dilution method and then placed onto a solid surface of 
suitable nutrients, usually in a petridish. The type of 
bacteria that is desired to be counted dictates the type of 
nutrients that is used. Agar is usually used to solidify the 
medium after the bacteria are placed in the medium. The 
sample is allowed to incubate for a period of several days to 
several weeks until bacterial colonies become visible to the 
naked eye.
Theoretically each colony is the result from one 
bacterial cell. The number of colonies is counted and "by 
taking into account the dilution factors"*38> , the number of 
bacteria in the original sample (bacteria/ml) can be 
determined.
The major disadvantage with this method is that usually 
only 0.1 to 10 %*37 ) of the total bacteria present show up in 
the colonies. However, this technique does allow for the 
estimation of the size of the microbial population, the 
amount of fouling that can occur, the potential for 
development of anaerobic conditions, and estimation of the 
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Probable no. of bacteria per ml
Figure 5. The total viable count method using test tube 
and plates. TNTC = Too Numerous To Count (from Atlas*38>
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6.2.2 Most Probable Number*3 7>
The most probable number (MPN) method is a statistical 
method based on probability theory. Serial dilutions are 
performed on a sample and replicate tubes (or bottles) of 
each dilution are made. The tubes are allowed to incubate 
over an appropriate period of time (several days to several 
weeks). The number of positive tubes is determined by the 
number of tubes turning cloudy, turbid, or black depending on 
the growth medium being used and the type of bacteria 
present. Statistical probability tables are used to 
determine the most probable number of bacteria present in the 
original sample (bacteria/ml). Figure 6 illustrates this 
process.
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Five tube MPN procedure
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\  tubes at each 
' dilution
10"
In the five-tube most probable number (MPN) 
procedure, five replicate tubes are used at each 
dilution. (A) First inoculate replicate tubes and 
incubate an appropriate period of time: then 
record the number of positive tubes at each 
dilution; consult an MPN table (B): and finally, 
record the most probable number of bacteria.
Inoculate replicate tubes Number of positive tubes at the stated dilution
Incubate 10° 70""1 7 0 -2 MPN/100 ml 70° 70“ 1 7 0 -2 MPN
Record number of positive tubes 0 1 0 0.18 5 0 0 2.3at each dilution 1 0 0 0.20 5 0 1 3.1
Consult MPN table 1 1 0 0.40 5 1 0 3.3
Record most probable number 2 0 0 0.45 5 1 1 4.6
of bacteria 2 0 1 0.68 5 2 0 4.9
2 1 0 0.68 5 2 1 7.0
2 2 0 0.93 5 2 2 9.5
3 0 0 0.78 5 3 0 7.9
3 0 1 1.1 5 3 1 11.0
3 1 0 1.1 5 3 2 14.0
3 2 0 1.4 5 4 0 13.0
4 0 0 1.3 5 4 1 17.0
4 0 1 1.7 5 4 2 22.0
4 1 0 1.7 5 4 3 28.0
4 1 1 2.1 5 5 0 24.0
4 2 0 2.2 5 5 1 35.0
4 2 1 2.6 5 5 2 54.0
4 3 0 2.7 5 5 3 92.0
5 5 4 160.0 B
Figure 6. The most probable number (MPN) method
(from Atlas* 3 8 > ).
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6.2.3 Direct Count Method*38>
The direct count method places sample dilutions under a 
microscope. The number of bacteria cells in a given volume 
are counted and used to calculate the number of bacteria in 
the original sample (bacteria/ml). Sometimes special 
counting chambers such as a hemocytometer or a Petroff-Hauser 
chamber are used.
Epifluorescence microscopy is usually the method that is 
used for the direct counting of bacteria. The bacteria are 
stained with fluorescent dyes that become excited by light of 
a given wavelength and emit light of a different wavelength. 
Exciter filters can be used to produce the proper wavelength 
and barrier filters can be used so that only the fluorescent 
specimens are viewed* 3 8 > . However, the major disadvantage in 
staining the bacteria is that it is impossible to distinguish 
the living bacteria form the dead bacteria. Figure 7 
illustrates this procedure.
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Tfje direct counting procedure, using the 
Petroff-Hausser counting procedure. The 
sample is added to a counting chamber of 
knoivn volume. The slide is viewed and the 
number of cells in an area delimited by a 
grid determined. In  the counting chamber 
sljown, the whole grid has 25 large squares 
fo r a total area of 1 mm1 and a total volume 
of 0.02 mm?.
Sample added here; care must be 
taken not to allow overflow; space 
between cover slip and slide is 0.02 mm 
(1/50 mm.). Whole grid has 25 large 
squares, a total area of 1 sq mm and a 
total volume of 0.02 mm3
Ridges which support cover slip
Microscopic observation; all cells are 
counted in large square: 12 cells (in 
practice, several squares are counted and 
the numbers averaged)
To calculate number 
per milliliter of sample:
12 cells X 25 squares X 50 X 103 
=  1.5 X 107
Figure 7. The direct count method (from Atlas* 3 8 > ).
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6.3 ADENOSINE TRIPHOSPHATE (ATP) TEST
Adenosine triphosphate (ATP) is an energy storing 
molecule that is found in all living matter. It is the end 
product of a series of oxidation-reduction reactions where 
electrons from a substrate are transported across an electron 
transport chain (a series of intermediate electron carriers) 
to a final acceptor. This process establishes an 
electrochemical gradient across the cell membrane^38> .
An ATP Photometer is a device that measures the amount of 
light produced from the reaction of ATP with an enzyme called 
luciferase. Luciferase is an enzyme that is extracted from 
the tail of fireflies.
The amount of ATP present in the water sample or deposit 
is determined and converted through a constant to the ATP 
present in one bacterial cell(3 9 > , This is then converted to 
the amount of bacteria present in the original sample 
(bacteria/ml).
The ATP Photometer can provide results almost immediately 
(approximately 5 minutes/sample) and it counts all the 
bacteria present in a sample.
The major disadvantage is that it counts all the bacteria 
present in a sample and does not distinguish between the 
aerobic, facultative, and anaerobic bacteria. High salt 
concentrations or large amounts of iron sulfide in the sample
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inhibits the reaction of ATP with the enzyme lucif erase 
resulting in lower apparent values of bacteria present.
6.4 USE OF METAL COUPONS
Metal coupons are used to monitor the rates of corrosion 
in a system. They can be installed through access fittings 
in the system or in side-streams. Side-streams are exactly 
what the name implies, it is a smaller diameter of pipe or 
tubing usually attached along the side of a main flowing pipe 
in which some of the main flow is allowed to flow through 
the side-stream. If desired, the side-stream can be shut off 
from the main flow to install or remove the metal coupons.
Installing a single coupon or a low number of coupons in 
a system will not give a good indication of what is actually 
happening in a system. Installing a series of coupons or 
multiple coupons and averaging the results will provide more 
reliable results and data. The coupons are usually exposed 
in a system for periods ranging from several days to several 
months, but 30 days is usually sufficient exposure time for 
system monitoring and to establish corrosion rates.
The metal coupons are weighed before they are installed 
and after they are removed from a system to establish weight 
loss and rate of corrosion. Visual inspections can indicate
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if there are signs of pitting. Other tests can be 
performed on the coupons to determine the types of bacteria 
present. Ultrasonics and radiography can also be performed 
to gain additional data on the corroded area (i.e., 3-D 
mapping of the pits). The metal coupons can also be used to 
establish and monitor the effectiveness of a biocide program 
if implemented. However, the disadvantage of coupons is that 
they only reflect the form of corrosion and not the cause, 
therefore, they may not specifically indicate bacterial 
activity.
A special type of metal coupon called a Robbins 
Device< 4 0 > was developed by J . Robbins and J.W. Costerton to 
examine the attachment of bacteria onto metal surfaces and 
can be used to measure sessile bacteria populations. It 
consists of a series of mild steel studs set into the wall of 
a one inch tube. Bacterial colonies are allowed to develop 
on the mild steel studs and then they are removed and the 
bacterial colonies are analyzed and enumerated using one or 
more of the previous techniques. The sessile bacteria 
population can be examined along with the effectiveness of 
biocides that are being used in the system. Modifications of 
the Robbins Device exist and are used in a variety of 
situations and conditions but the purpose is still the same.
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6.5 AGGRESSIVENESS OF THE SOIL
An aggressive soil is determined by several factors :
1) the presence of SRB,
2) the chemistry of the soil (acidity, salinity, etc.),
3) differential aeration, and
4) the redox potential, resistivity, and water content 
of the soil<2 9) .
Starkey and Wight*4 1 > proposed the following scales to 
establish the aggressiveness or corrosive potential of the 
soil. Table 4 and Table 5 contain the data necessary to
evaluate the aggressiveness of the soil.
TABLE 4. REDOX POTENTIAL AND CORROSIVENESS OF THE SOIL
Redox Potential (Eh) of the 
Soil With Respect to the
Standard Hydrogen Electrode Corrosiveness
< 100 mV 
100 - 200 mV 
















(if clay) < 430 mV > 430 mV
Borderline Cases
Are To Be Decided
By Water Content (wt %) > 20% < 20%
6.6 DETERMINATION OF BIOLOGICAL OR NON-BIOLOGICAL 
GENERATION OF HYDROGEN SULFIDE
Sulfur isotope ratio measurements is a method that can be 
employed to determine if the hydrogen sulfide is biologically 
or non-biologically produced.
"Sulfur occurs in the environment as two principle 
stable isotopes 32S and 34S which are distributed in 
a specific ratio, the 3 4 S being quoted as <£ -3 4 S . 
in parts per thousand with a reference to an 
International Standard (Canyon Diablo Troilite 
meteoric sulfur)"<15 > .
Sulfide produced by SRB is primarily made up of the 
lighter isotope (3 4 S ) and usually has a negative to a very 
low positive values of f - 3*S. On the other hand, non- 
biologically produced sulfide has higher positive 5 -3 4 S
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values (see Figure 8). Whether the source of souring is 
biologic or not can now be determined. Then appropriate 
remedial measures can be implemented.
H2S from thermochemical SOj ~ reduction 
080- 120*0
SO4 '  in seawater and evaporate
H2S from microbial SO*" reduction
080*0
Petroleum organic sulphur
» 1 » I 1 I t 1 » I i t » I i
-40 -  30 -  20 -10 0 10 20 30 40
34S . °/oo
Figure 8. Variation in 3 4 S isotope ratios in biological 
and non-biological SO4 2 ~ reduction 
(from Herbert et a l .<15 > ).
6.7 MICROSCOPY
Microscopic examination is an excellent method to 
quantify and establish bacteria types present in a sample. 
Each type of microscopy has its advantages and disadvantages. 
It is recommended to use several of the techniques to gain an
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better overall view of the sample.
6.7.1 Light Microscopy
Light microscopy is a simple and adequate method to 
observe the bacteria in the sample that was obtained. Just 
place a drop of the sample on a microscope slide and cover it 
with a coverslip. The sample then can be observed at a 
variety of magnifications. The major disadvantage is the low 
resolution of the microscope but this method does allow for 
an initial observation of the sample. Another disadvantage 
is that heat from the light may dry the sample.
6.7.2 Scanning Electron Microscopy
Scanning electron microscopy (SEM) can be used to obtain 
in great detail a surface view of the bacteria present, the 
surface of the metal, the corrosion products, etc. It allows 
one to view the distribution of bacteria on the surface in 
question*42> . Special procedures (i.e., handling, drying, 
setting, gold plating)*43> need to be performed before the 
specimen can be examined. The major disadvantage of a SEM is 
that it has limitations in resolution and it is impossible to
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view the interior of the sample.
6.7.3 Transmission Electron Microscopy
Transmission electron microscopy (TEM) provides excellent 
resolution and can reveal in great detail the internal 
structures, external fibers, and adhesive appendages of the 
bacteria* 3 7 > . However, the TEM provides very little 
information on the distribution of bacteria on the surface in 
question* 4 2 > .
6.8 CONCENTRATION OF OXYGEN
The concentration of oxygen must be monitored because it 
can determine the type of organisms that may be present and 
the type of microbial consortium that may develop. One 
problem that exists is that it is very difficult to obtain a 
water sample to determine the concentration of oxygen without 
aerating the sample. Another problem that exists is that the 
concentration of oxygen along the surface of the metal may be 
lower than that in the bulk phase. This usually is the 
result of biofilm development along the metal surface 
creating an oxygen gradient across the biofilm. If the
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oxygen concentration can be kept high enough in a system then 
SRB growth can be inhibited.
6.9 CONCENTRATION OF SULFATE
Sulfate and other sulfur compounds in a system will allow 
the SRB, conditions permitting, to be active and grow. The 
amount of sulfate in a system dictates the level of SRB 
activity and the amount of hydrogen sulfide generated. The 
concentration of sulfate should be monitored regularly 
especially if SRB are believed to be present in the system.
6.10 CONCENTRATION OF SULFIDE
Since hydrogen sulfide is one of the metabolic products 
of SRB activity, monitoring the sulfide (Hz S , HS- , and S2-) 
concentration indicates the level of SRB activity. On site 
chemical tests are difficult to perform because the sulfide 
can oxidize rapidly in the presence of oxygen, thus the 
results would be lower than actual values. The presence of 
residual sulfite in a system may make it difficult to detect 
the sulfide present in the water.
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7. THE SULFATE-REDUCING BACTERIA
7.1 CLASSIFICATION OF SRB
The SRB can be classified into seven genera :
Desulfovibrio. Desulfotomaculum, Desulfobacter,
Desulfobulbus, Desulfococcus. Desulfonema, and 
Desulfosarcina. The Desulf ovibrio and Desulf otomaculum 
genera have been identified the longest and are the most 
common of the SRB. The other five genera have been 
identified only recently and appear to be biologically 
unrelated to each other.
Table 6 contains the classification and some of the 
characteristics of the seven SRB genera. Appendix A will 
expand on some of the material contained in Table 6 and 
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7.2 RANGE OF TOLERANCES FOR THE SRB
7.2.1 Temperature
Most SRB can tolerate and function in temperatures 
ranging from below -5 °C to 75 °C (23 - 167 °F).
Mesophilic Desulfovibrios cannot grow above 45 - 50 0 C 
( 113 - 122 0 F ) and grow at an optimum temperature of 30 °C 
(86 0 F ). Some mesophilic Desulfotomaculum grow at an optimum 
temperature of 37 °C (98.6 ° F ), like the Desulfotomaculum 
ruminis and Desulfotomaculum acetoxidans which can be found 
in the intestinal tract.
Thermophilic Desulfotomaculum function best between 50 - 
70 0 C ( 122 - 158 ° F ) and grow at an optimum temperature of 
60 0 C (140 °F). They have a lower tolerance of around 35 0 C 
(95 °F) but can adapt to temperatures as low as 30 °C (86 
OF) .
There has been a recent discovery of a new group of 
extremely thermophilic SRB found in hot sediments contained 
in marine hydrothermal systems near the towns of Vulcano and 
Stufe di Nerone, Italy*44> . The temperature of the sediment 
ranged between 70 - 100 °C (158 - 212 °F) and they grow at an 
optimum temperature of approximately 83 0 C (181 °F).
The optimum temperatures for growth for the SRB can be 
found in Table 7.
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Some strains of Desulfovibrio are barotolerant (can 
tolerate high pressure) while others are barophilic and can 
be found on the ocean floor in deep trenches. Barophilic 
organisms can only grow under high pressure and cannot grow 
at normal pressures. Other SRB can be grown in a vacuum.
There are some SRB species found in seawater that have 
been observed to function at pressures up to 8700 psi. There 
have been reports of some isolated species functioning at 
temperatures of 98 0 C (208 °F) at elevated pressures*15> .
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One strain of SRB (species not reported) was obtained from a 
deep oil reservoir and was found growing at a temperature of 
104 °C (219 °F) and 14,500 psi< 4 5 > . Another strain (species 
not reported) of barophilic-thermophilic SRB was found in 
deep hydrothermal vents where SRB were multiplying and 
growing at very high pressures and temperatures that were 
exceeding 250 °C (482 0 F )< 4 6 > . However, at pressures above 
2900 psi the physiology of the SRB changes which has an 
effect on their shape, their metabolism, and the amount of 
sulfide they can produce.
7.2.3 Salt Concentrations
SRB can be found in waters that have salinities from zero 
to saturation but their activities are usually restricted to 
salinities below 10% NaCl. Halophilic species cannot grow in 
freshwater and usually require 10 - 30 g NaCl/liter for 
growth, while freshwater species may be inhibited if the 
concentrations exceed 20 - 30 g NaCl/liter. If the NaCl 
concentration exceeds 50 - 100 g NaCl/liter the activity of 
SRB usually declines. Halotolerant SRB can grow both in 
saltwater or freshwater. The Desulf otomaculum genus is 
rarely encountered when the salinity is above 2% NaCl, but if 
they are present, then it can be assumed that they are not
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native to that environment. Desulfovibrio vulgaris (a 
freshwater strain) is sensitive to NaCl and only a few are 
able to grow if the salt concentration exceeds 1% NaCl and 
none can grow if the salinity is above 3% NaCl.
7.2.4 pH Levels
SRB can grow readily in a pH range between 5 and 9.5.
They cannot tolerate pH values below 3 or 4 for an extended 
period of time. However, they may be encountered in low pH 
environments when the pH at the metal surface is higher than 
that of the surrounding bulk phase. When the metal surface 
has a buildup of corrosion products, precipitates, and/or 
microbiological slime, a pH gradient may result. This causes 
the pH in the interior of the buildup to become suitable for 
SRB growth while the pH in the surrounding bulk phase remains 
unsuitable for SRB growth.
7.2.5 Redox Potential
The redox potential (oxidation-reduction potential) 
measures the tendency of a given oxidation-reduction system 
to donate or accept electrons. If the system is willing to
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donate electrons it behaves as a oxidizing system. If the 
system accepts electrons it behaves as a reducing system.
The redox potential is determined by measuring the 
electrical potential difference between a given system and 
standard reference electrode. Two commonly used standard 
reference electrodes are the standard hydrogen electrode 
(SHE) and the saturated copper - copper sulfate (CuiCuSCU) 
electrode.
SRB require the redox potential to be -100 mV (with 
reference to the SHE) or less for growth. A negative redox 
potential indicates a reducing (anaerobic) environment 
exists. Most petroleum and industrial systems meet this 
requirement.
7.3 THE ROLE OF THE SULFUR CYCLE
Sulfur exists in many forms but often in an oxidized 
state as a sulfate (SO»2 ~ ) and can be found almost 
everywhere : in lakes, rivers, oceans, rocks, soils, etc.
Sulfur can also exist as sulfur oxides, even as a minor 
component of the atmosphere.
Sulfur can be introduced into the biosphere by either 
biological or chemical processes. Approximately 108 tons o 
sulfur is introduced into the atmosphere each year, "and
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about 50% of this may be biogenic : released by sulfate
reduction and decomposition of organic sulfur”*11> .
Green plants, fungi, and many species of bacteria can use 
sulfate as their only form of elemental sulfur. They reduce 
the sulfate ion from its oxidized state to a reduced state 
where it is incorporated (assimilated) ”into the organisms’ 
protein as sulfur-containing amino acids or built into 
co-factors such as biotin and pantothenic acid”*11) . This 
process is called assimilatory sulfate reduction.
SRB, on the other hand, use a process called 
dissimilatory sulfate reduction, where only a very small 
amount of the reduced sulfur is actually assimilated by the 
bacteria and almost all of the reduced sulfur is released 
into the environment. SRB generate sulfides which may be in 
the form of Hz S , HS~ , or S2 * depending on the pH of the 
surrounding environment* 4 7 > . The sulfides that are produced 
by the SRB contribute substantially to the sulfur cycle (see 
Figure 9).
The sulfur cycle produces a microbial ecosystem which is 
called a ‘sulfureturn’* 11 > or a microbial consortium where the 
sulfur-oxidizing and sulfur-reducing bacteria co-exist in 

















Figure 9. The Sulfur Cycle (from Tiller<29> ).
In the upper half of the cycle the substrates that are 
produced are used by sulfide-oxidizing bacteria (Beggiatoa in 
freshwaters, Thiovulum in saltwaters, some bacteria of the 
genus Thiobacillus, etc.) and converted back to sulfate b y  
sulfur oxidizers (Thiobacillus. colored sulfur bacteria, 
etc.) by way of elemental sulfur (S°). The sulfur oxidizers 
involvement in microbial corrosion is very slight compared to 
the corrosion problems caused by SRB.
In the lower half of the cycle assimilatory sulfate 
reduction occurs and
"the sulfur [atom in] sulfate passes through the 
sulfide level of oxidation and becomes incorporated 
into an amino acid (RSH) before being built into 
plant as microbial protein"*11> .
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The microbial protein is then eaten by animals and the 
sulfur is eventually returned to the cycle as sulfide. This 
step occurs during the breakdown and rotting (putrefaction) 
of dead organisms by bacteria.
7.4 THE NUTRITIONAL REQUIREMENTS
In order for growth to occur the SRB must obtain and 
utilize suitable organic carbon and energy sources. SRB 
derive their energy from the oxidation of organic compounds 
and from the reduction of sulfates to sulfides. Sulfate is 
the sulfur compound that is usually utilized by the SRB.
They can also utilize other oxidized sulfur compounds such as 
sulfite, bisulfite, and thiosulfit e . This further increases 
thé availability of electrons especially if the surrounding 
environment is low in sulfate. However, if only sulfite is 
available in the surrounding environment, the SRB can only 
use it for its growth and metabolism and not for 
reproduction. Sometimes nitrate can serve as an alternative 
electron source which would result in the production of 
ammonia instead of sulfide.
The actual reduction of sulfate to sulfide by the SRB "is 
a stepwise process catalyzed by a number of enzymes that tend 
to be collectively referred to as the * sulfate reductase
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system*"(so). SRB "oxidize organic substrates and pass the 
generated electrons along an electron transport chain to 
generate energy and reduce sulfate"<15). Electrons can also 
be extracted from molecular hydrogen* using a hydrogenase 
enzyme, and passed on to sulfate which creates sulfide and 
energy. SRB can also utilize hydrogen that is generated by 
other microbial species which considerably increases the 
possible sources from which the SRB may obtain electrons.
All microorganisms require trace elements and minor 
nutrients such as iron, magnesium, nitrogen, phosphorus, and 
potassium. Adequate supplies can be found in petroleum 
facilities and other industrial systems. Trace elements can 
also be obtained from the hydrocarbon phase, seawater, and 
process chemicals. "Crude oil and semi-processed material 
will usually have adequate nitrogen and phosphorus for growth 
but refined products may cause growth limitations'^ 2 7 > . SRB 
can obtain most of their nitrogen from ammonium salts, but 
can also use hydroxylamine and some amino acids.
7.5 SOURCES OF CARBON AND ENERGY
SRB can obtain their carbon and energy requirements from 
a wide range of organic material, fatty acids, alcohols, 
acetate, and hydrogen. These products may be a result of
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by-products from other organisms found in the microbial 
consortium. Depending on the nutrients that are available 
and the physical conditions of the surrounding environment, 
the microbial consortium may contain numerous types of 
aerobic, anaerobic, and facultative bacteria (can grow in 
either the presence or absence of oxygen). These bacteria 
are capable breaking down, through their metabolic processe 
organic compounds, carbohydrates, proteins, and hydrocarbon 
thus producing suitable substrates which can ultimately be 
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Figure 10. A simplified diagram of anaerobic biological 
degradation (from Cord-Ruwisch et al.<48))•
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In the laboratory, lactate is the most common carbon 
source used for the isolation of SRB but they can also use 
pyruvate, malate, and fumarate. These are usually oxidized 
to acetate and carbon dioxide. Some SRB isolated on lactate 
may also be able to use acetate as long as there is a supply 
of hydrogen, but those isolated on acetate alone cannot 
utilize lactate. Some SRB genera can utilize short chain 
fatty acids such as acetate, propionate, n-butyrate, and 
sometimes higher chain lengths that contain 14 to 18 carbon 
atoms as a carbon source. Desulfonema and Desulfosarcina are 
the only two genera that can utilize CO2 as a carbon source 
for growth.
In the petroleum industry, crude oil is potentially a 
tremendous source of carbon and energy. It is generally 
accepted that SRB cannot degrade hydrocarbons but there are a 
few reports to the contrary. There are some water soluble 
fractions of hydrocarbons which are degraded under anaerobic 
conditions which can be utilized by the SRB. There are also 
many types of aerobic oil degrading bacteria which can 
oxidize a wide range of hydrocarbons producing suitable 
substrates, such as phenolic compounds( 15> , acids, carbon 
dioxide, and water*49> . However, oxygen must be present in 
order for the aerobic bacteria to degrade the hydrocarbons.
If the oxygen concentration is high (i.e., in oil storage 
tanks), the rate of oxidation is also high*21> . If oxygen is
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present in a system, then the SRB may be present in anaerobi 
zones or locales.
Sulfate reduction in the oil field may also result from 
added chemicals. For example, methanol is commonly used as 
solvent and when carbon dioxide is present, specialized 
anaerobes can produce acetate which is a substrate for SRB. 
Xanthan is used in enhanced oil recovery projects and cannot 
be utilized by SRB, but can easily be fermented to become an 
electron donor for sulfate reduction.
Completion fluids, fracture fluids, and drilling fluids 
usually contain polymers that can be utilized by the SRB.
The polymers can be used to build up the viscosity of the 
fluid, control fluid loss, or act as a retarder in cements. 
Some of the polymers include :
1) Hydroxy-ethyl Cellulose (HEC) is widely used as a 
completion and workover fluids. Fluid loss 
additives are based on HEC*50> .
2) Carboxy-methy1-hydroxy-ethyl (CMHEC) is used as a 
fluid loss additive, retarder in cements, and a 
viscosif ier in fracture fluids* 5 0 > .
3) Carboxy-methy1 Cellulose (CMC) is used in drilling 
fluids to control fluid loss and suspend solids*50>
4) Guar gum* 5 0 > is processed from the seed of the guar 
plant. It is used for fluid loss control. It is a
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polysaccharide composed of two simple sugars 
(galactose and manose).
When cellulose is present and the amount of sulfate is 
not limited, one cellulose molecule (glucose) can be 
converted to three molecules of H 2 S by SRB. Therefore, 1000 
g of cellulose (glucose) can produce 630 g of Hz S and similar 
amounts of HzS can be produced "per 1000 g of other 
degradable organic material"*48> .
7.6 BIOFILMS - A MICROBIAL ENVIRONMENT
Biofilms can occur in aquatic environments (ocean, 
lakes, rivers, etc.), industrial and oil field systems* 4 8) , 
freshwater systems*51) , saltwater systems* 5 2 ) , and even in 
soils* 5 8) . Biofilms are usually associated with biofouling 
and accelerate the corrosion rate of metal and the 
deterioration of wood. SRB are usually found to be in close 
physical and metabolic contact with other microorganisms and 
with even higher forms of life in marine environments. The 
bacteria produce a gelatinous slime, in which, a consortium 
of microorganisms, cellular by-products, trapped debris, and 
varying degrees of complex iron sulfides* 5 4) exist.
"Planktonic bacteria" is the name given to bacteria that
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are free floating in an environment or system. They are not 
active in the corrosion that may be occurring in a system. 
Planktonic bacteria generally originate as bacteria that were 
associated with a biofilm but have become detached from the 
biofilm. Therefore, planktonic bacteria are not 
representative of the corrosion causing bacteria.
"Sessile bacteria" is the name given to bacteria that are 
attached to a surface, usually metal, and are the ones 
responsible for fouling and corrosion problems. Most of the 
bacteria that are found in aquatic systems are sessile 
bacteria that grow in complex biofilms*55> . It is the 
sessile bacteria that are involved in the developing and 
sustaining of a biofilm.
For the planktonic bacteria to become attached to the 
surface the fluid shear stress along the surface must be low. 
A high fluid velocity in a system will produce a thin, dense 
deposit along the surface which would retard SRB growth while 
a low fluid velocity will allow for a light, porous biofilm 
development which is ideal for the sessile bacteria.
A rough surface is an ideal location for the planktonic 
bacteria to become attached. The surface must be able to 
sustain originally planktonic bacteria in the new sessile 
form in the biofilm. The system and surface must be free of 
biocides or other materials that would prohibit the 
attachment of the bacteria or the development of the biofilm.
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Once attached the bacteria form colonies which in turn leads 
to biofilm buildup.
The sessile bacteria produce exopolysaccharide polymers 
to create a matrix called a glycocalyx. The 
exopolysaccharide polymer contains reactive groups (i.e., 
protein groups) which enables the glycocalyx to adhere to 
surfaces and to other cells. This is the initial stage of 
biofilm development.
The glycocalyx protects the bacteria from viruses, 
"phagocytic amoeba that abound in their habitatM<55> , and 
from biocides, which cannot penetrate the glycocalyx matrix. 
The glycocalyx also allows for the collection of nutrients 
from the surrounding environment and for the growth of 
microorganisms.
During the development and establishment of the biofilm, 
aerobic and facultative bacteria consume the available oxygen 
faster than it can be replaced. This results in portions of 
the biofilm, particularly along the surface where it is 
attached, to become anaerobic. This creates an ideal 
environment for the SRB and other facultative bacteria to 
thrive and grow. Once the SRB become active they generate 
hydrogen sulfide that can react "with the surface iron 
forming iron sulfide deposits"<66> resulting in accelerated 
rates of corrosion. The generated hydrogen sulfide will also 
cause the anaerobic zone in the biofilm to increase resulting
ER-3473 95
in additional areas for the SRB to grow and multiply.
One study of more than 200 lakes and streams show that 
sessile bacteria outnumber the planktonic bacteria by between 
500 and 500,000 times which indicates that the biofilm 
development is also very pronounced in naturally occurring 
aquatic environments^56 } .
Studies are presently being performed to determine the 
exopolysaccharide polymer's ability to bind on to various 
metals. Results of this study may make it possible to 
predict the effect that a particular microorganism will have 
on the corrosion of specific alloy or metal(57). Results may 
also make it possible to inhibit microbial corrosion by 
supplying the exopolysaccharide polymers with sacrificial 
metal ions that have a greater affinity to be bound by the 
polymers.
7.7 DISTRIBUTION OF SRB
SRB can be found in practically every environment on this 
planet due to their ability to adapt or remain dormant if the 
conditions in the surrounding environment are not suitable 
for growth. They can be found in freshwater, saltwater, and 
in brackish waters ; in the soil ; on every continent 
including Antarctica ; in oil and gas reservoirs ; storage
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tanks ; heating and cooling systems ; pipelines; sewage; hot 
springs and geothermal areas; offshore structures, beneath 
marine macrofouling and deposited drill cuttings; the rumen 
of sheep and intestines of insects*11> ; and on corroding 
iron to name a few locations. SRB are rarely found as 
airborne organisms. Both the non-spore formers and spore 
formers (see Table 6 and Appendix A. 1.2) can survive in soils 
that dry up.
Desulfovibrio are usually found in marine, brackish, 
estuarine environments, and in the soil. They can also be 
found in polluted environments.
Desulfotomaculum are usually found in freshwater 
environments and in the soil. They are not normally found in 
marine or saline environments, but some laboratory strains 
can adapt to saline environments.
Desulf otomaculum acetoxidans can be found in the 
intestinal tract of higher animals and Desulfotomaculum 
ruminis can be found in the rumen of ruminant mammals. Some 
mesophilic strains of Desulfovibrio and Desulfotomaculum can 
be found in the intestines of insects, such as termites*11) . 
Thermophilic Desulfotomaculum nigrifleans may be responsible 
for the sulfide formation in deep aquifers and in oil and gas 
reservoirs that are subjected to geothermal heating.
SRB can infect one section of a system and the products 
that they produce can be transported to another section
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downstream resulting in corrosion failures where bacterial 
growth may not be possible (see Section 7.9).
SRB are usually not harmful to human beings and they may 
even be found in human feces*11> . The Desulfovibrio genus 
have been observed among oral streptococci ”in seven 
specimens of human dental caries but their role in the 
infection was not clear"*58> .
SRB require a low redox potential of -100 mV (with 
respect to the standard hydrogen electrode) in order to 
multiply. Therefore, they need to live in a reducing 
(anaerobic) environment to become active. They can become 
dormant with extended exposure to oxygen and can reactivate 
quickly when the conditions are favorable.
The soil is an extremely complex environment in which 
it is very difficult to trace the mechanism of corrosion that 
occurs, for example, the corrosion caused by electrochemical 
processes versus those caused biogenically. The problem is 
accentuated when cyclical changes occur in the surrounding 
environment and the corrosion processes alternate their 
dominance. This causes the corrosion by-products to be 
superimposed on one another or existing corrosion products to 
become altered* 3 0 > . In the United Kingdom it is uncommon to 
take a soil sample free of SRB. The waterlogging of soils or 
clays can produce anaerobic conditions ideal for the SRB.
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7.8 THE EFFECTS OF SRB ACTIVITY IN NATURE
Postgate<11> relates an excellent example of sulfate 
reduction that occurs in a freshwater woodland pond. This 
example explains the sequence of steps that occur in nature 
when an environment changes from an aerobic state to an 
anaerobic state.
During the summer the pond is well aerated and contains 
modest populations of microorganisms and algae. In the 
autumn, leaves fall into the pond causing an increase in the 
amount of organic matter available which would result in 
rapid growth of aerobic bacteria. The aerobic bacteria would 
then consume the available oxygen and eventually die off. 
Facultative anaerobic denitrifying bacteria would flourish 
until the available nitrate supply becomes depleted. These 
bacteria use nitrate (NOa“ ) for their form of anaerobic 
respiration and convert it to reduced forms of nitrogen 
(NOz ~ , N 2 O, and N 2 ) .
The SRB would then become active generating H 2 S as they 
reduce the sulfate to sulfide. The sulfide-oxidizing 
bacteria along with the sulfur-oxidizing bacteria may oxidize 
the H 2 S back to sulfate which would prolong the existence of 
the SRB, but eventually the supply of sulfate would become 
the limiting factor to the growth of SRB. This is usually 
the next to last stage of organic pollution in an
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environment.
The last stage is characterized by the presence of 
methanogens. Methanogens are a group of strict anaerobes 
that use carbon dioxide (CO2 ) for their form of anaerobic 
respiration (methanogenesis) and reduce the carbon dioxide to 
methane (CH4 ). The methane that is produced is commonly 
called 'marsh gasf and is usually contained in the sediment 
of the pond.
In sulfate rich environments, like the ocean, there is 
such an abundant supply of sulfate that methanogenesis does 
not occur. However, in the upper zones of marine sediment 
sulfur reduction prevails while at lower depths 
methanogenesis occurs due to the depletion or the limiting 
effect of the supply of sulfate.
In the laboratory SRB are incompatible with methanogens 
but they both inhabit similar environments. In nature, the 
methanogens appear suppressed in their activity while sulfate 
reduction is occurring, but* when the SRB exhaust the sulfate 
supply the methanogens become predominant.
When the SRB become active (reducing sulfate to sulfide) 
in an environment, they cause physical and chemical changes 
to that environment. The changes that occur can be very 
significant. The x hydrogen sulfide that is generated by the 
SRB is toxic to most microorganisms, macroorganisms, plant 
forms, and higher animal forms. When they die the
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decomposition provides even more organic material for the 
SRB.
If the conditions are right the soluble sulfides may 
react with heavy metal ions to produce metal sulfide 
precipitates. Soluble iron is quite common and when combined 
with the soluble sulfide, iron sulfide (FeS) is formed which 
is characterized by blackening of the surrounding 
environment.
The SRB require a substantial amount of organic matter 
which is usually converted (oxidized) to the acetate level.
It would then appear that the acetate would accumulate in the 
surrounding environment but actually the acetate does not 
accumulate. Pfenning*59> has done some microbiological 
studies that show that the acetate-utilizing SRB can consume 
acetate while reducing sulfate. The acetate-utilizing SRB 
include: Desulfobacter postgatei, Desulfotomaculum 
acetoxidans, Desulfonema limicola, Desulf onema magnum, and 
Desulfovibrio baarsii.
7.9 CHARACTERISTICS OF ANAEROBIC CORROSION CAUSED BY SRB
Anaerobic corrosion caused by active SRB is restricted to 
anaerobic environments such as clay soils, waterlogged soils, 
freshwaters, marine environments, etc. The area surrounding
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the metal is almost always black (when first freshly exposed) 
due to the iron sulfide (FeS) precipitate and has a 'rotten 
egg’ smell which indicates the presence of hydrogen sulfide. 
The corroded metal tends to be pitted instead of displaying 
uniform corrosion over the entire surface, sometimes making 
its detection very difficult. Beneath the iron sulfide the 
region appears as a bright, shiny metal when first exposed 
and rusts almost immediately in the presence of oxygen.
The presence of SRB in the soil is a good indication that 
the soil is aggressive. In other words, the potential is 
there for anaerobic corrosion to occur. However, their 
absence does not mean that anaerobic corrosion will not 
occur.
Corrosion damage may be a result of direct or indirect 
attack by the SRB. Direct attack can be a result of: SRB
growing on the metal surface in biofilms or under corrosion 
debris ; the development of iron sulfide films (which can 
lead to pitting); or, sometimes organisms can simply create 
an environment favorable for the SRB to grow.
Indirect attack can occur when SRB grow in one area of a 
system and their products may cause corrosion problems in 
another area of a system. Sometimes the corrosion problems 
are in areas where the SRB cannot be active, such as aerobic 
environments.
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8. CLASSICAL AND ALTERNATIVE MECHANISMS OF SRB 
INDUCED ANAEROBIC CORROSION
8.1 A GENERAL OVERVIEW OF ELECTROCHEMICAL CORROSION
A general understanding of the terms and of the mechanism
which allow electrochemical corrosion to take place is
necessary for a better understanding of the mechanism of 
anaerobic corrosion. Even though anaerobic corrosion by SRB 
is more complex, it can be reduced to a series of simplified 
half reactions. This process will be discussed in detail 
later.
The electrochemical process for the corrosion of zinc by 
hydrochloric acid is an excellent example to demonstrate 
oxidation and reduction reactions. When solid zinc is placed 
in dilute hydrochloric acid, a vigorous reaction takes place 
producing hydrogen gas and a zinc chloride solution. The 
reaction which takes place is:
Zn( s ) + 2  HC1( i ) = = > ZnClz ( i ) + H 2 ( g ) ( 2 )
Since the chloride ion is not directly involved in the
reaction, the equation above can be written in the following 
simplified form:
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Zn + 2 H+ = = > Zn2 + + H2 (3)
It can be seen in the above equation that the zinc is 
oxidized to zinc ions and the hydrogen ions are reduced to 
hydrogen. Therefore, the equation can also be written as two 
half reactions, the oxidation of zinc and the reduction of 
hydrogen ions. The two half reactions are :
Oxidation (anodic) reaction : Zn = = > Zn2 * + 2 e- (4)
Reduction (cathodic) reaction : 2 H+ + 2 e~ = = > H2 (5)
An oxidation or anodic reaction is noted by the increase 
in the valence number or by the production of electron(s ).
On the other hand, a decrease in the valence number or the 
consumption of electron(s ) indicates a reduction or cathodic 
reaction. In terms of electron production or consumption, 
the rate of oxidation equals the rate of reduction. This 
concept is shown in Figure 11.
Figure 11. Electrochemical reactions during the corrosion 
of zinc in dilute hydrochloric acid (from Fontana*25> ).
HCl solution
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8.2 THE CATHODIC DEPOLARIZATION THEORY (CLASSICAL THEORY)
C.A.H. von Wolzogen Kuhr and I.S. van der Vlugt< 7 > 
studied the corrosion of buried pipe and noticed that iron
sulfide was produced, not only on the surface of the pipe,
but in the soil surrounding the pipe. They confirmed that 
SRB were present and suggested that SRB act as a cathodic 
depolarizing agent (hydrogen acceptor). They proposed the 
Cathodic Depolarization Theory in 1934.
It was already known that SRB were able to take up 
molecular hydrogen according to the following equation :
S04 2 - + 4 H2 = = > S2- + 4 H20 (6)
The above process involves two or possibly three enzymes that
are known as sulfate-reductase enzymes. The source of 
hydrogen in the above equation can come from the corrosion 
process itself or from cellulose, sugars, alcohols, or other 
organic products present in the surrounding environment.
They believed that the SRB could also remove the atomic 
hydrogen (H ° ) from the polarized cathodes and oxidize it to 
protons and electrons as shown in the following reaction :
H2 <==> 2 H° <==> 2 H+ + 2 e- (7)
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This process takes place due to the hydrogenase enzyme 
present in the SRB. This enzyme has the ability to catalyze 
the two reversible reactions of hydrogen. It must be noted 
that this enzyme is not essential for the reduction of 
sulfate. However, for cathodic depolarization to occur the 
SRB must contain the hydrogenase enzyme. In other words, it 
must be hydrogenase-positive. They can utilize the atomic 
hydrogen to reduce suitable substrates, but it is not 
necessary. Hydrogenase-negative strains, such as the 
Desulf otomaculum orientis, are not active in the cathodic 
depolarization mechanism. However, the hydrogenase-negative 
species can be just as aggressive as the hydrogenase-positive 
species. The Cathodic Depolarization Theory suggests that 
the hydrogenase enzyme present in the SRB acts as the 
depolarizing agent.
The theory is quite simple, and can be described in the 
following manner.
"A clean ferrous surface reacts with water and 
rapidly becomes covered with a film of hydrogen 
which depolarizes the surface and [reduces] further 
reaction. This reaction can be expressed as
2 H 20 — - » 2 H > + 2 0 H - Fe2*  +  2 0 H -    FeO  +  H , 0
+ +
Fe H — H
Fe —  Fe —  Fe —  Fe Fe —  F e — F e — Fe ,
where the iron phase is solid and the superficial 
hydrogen derivative is capable of behaving either 
as hydride or as adsorbed dihydrogen molecules''^ 1 1 > .
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If anaerobic corrosion occurs the SRB remove the atomic 
hydrogen film by utilizing its hydrogenase enzyme. The 
results are corrosion products consisting of iron hydroxides 
and iron sulfide.
The overall mechanism for the Cathodic Depolarization 
Theory is shown as a series of half reactions in Table 8.
TABLE 8. THE CATHODIC DEPOLARIZATION THEORY
(8) 4 Fe = = > 4 Fe2 * + 8 e~ (anode)
(9) 8 H20 = = > 8 H+ + 8 OH-
(10) 8 H+ + 8 e- ==> 8 H° (cathode)
SRB
(11) SO4 2" + 8 H° = = > S2“ + 4 Hz O (cathodic depolarization)
(12) Fe2+ + S2- ==> FeS (anode)
(13) 3 Fe2 + + 6 OH- = = > 3 Fe(OH)z (anode)
(14) 4 Fe + SO»2- + 4 Hz O = = > 3 Fe(OH)z + FeS + 2 OH-
Where (8) is the corrosion or ionization of the iron ;
(9) is the electrolytic dissociation of water ; (10) is the
formation of atomic hydrogen ; (11) is the removal of the
atomic hydrogen from the surface of the iron and the use of 
electrons by the SRB to reduce the sulfate to sulfide, which 
in turn causes the iron to corrode in (8); (12) and (13) are
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secondary reactions that occur at the anode ; and (14) is the 
overall reaction that takes place.
As shown in step (11), the SRB remove the hydrogen from 
the surface of the iron at the cathodic region which causes 
the iron to go into solution as ferrous ions (Fe2 + ). Also in 
step (11), the sulfide (Hz S , H S*, or S2-) that is produced 
depends on the pH of the surrounding environment. The 
following reaction (15) occurs after the SRB generate the 
hydrogen sulfide. It is another way to look at the secondary 
reaction that occurs in step (12):
Hz S + Fe2+ = = > FeS + 2 H+ (15)
If the cathodic depolarization theory were entirely 
correct the ratio of iron (Fe) to iron sulfide (FeS) would be 
4 : 1 as shown in step (14). This ratio rarely occurs in
practice and ratios from 0.9 : 1 to 50 : 1 have been
observed. It should also be noted that in the laboratory, 
cultures of SRB can rarely produce the severe pitting that is 
observed in the field and the iron hydroxide and iron oxides 
are hardly ever produced.
It is still believed that this theory is valid but the 
rates of corrosion attributed to the above mechanism does not 
account for the high rates of corrosion observed in the 
field.
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8.3 ALTERNATIVE MECHANISMS TO THE CATHODIC 
DEPOLARIZATION THEORY
Because of the varying rates of corrosion that cannot be 
totally explained by the Cathodic Depolarization Theory other 
theories have been presented. These theories are not yet 
fully understood, may contain flaws, or do not pertain to the 
problem presented here. They all attempt to explain, in 
part, the increase in corrosion rates.
The following factors can influence the type of reaction 
that may become dominant in a given environment^11> :
1) the nature of the metal surface ;
2) the presence or absence of dissolved iron and/or 
organic matter capable of chelating iron in the 
surrounding water ;
3) whether the strain of bacteria tends to form a film 
on the metal itself;
4) whether the iron sulfide itself forms a film (which 
can be protective);
5) whether other ions such as Na+ and Cl~ (usually 
synergistic) or phosphate (usually somewhat 
protective) are present.
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8.3.1 Iron Sulfide (FeS) as a Depolarizer
Booth et a l .(G o) found that high concentrations of 
ferrous ions in a medium containing both hydrogenase-positive 
and hydrogenase-negative SRB produced very high rates of 
corrosion. Booth et a l .< 61> concluded that due to lack of an 
iron sulfide film buildup on the surface of the metal that 
the iron sulfide caused the cathodic depolarization. This 
mechanism has gained considerable support.
Iron sulfide is the principle solid sulfide that is 
produced around the surface of the ferrous metal. Studies 
have shown that the severity of microbial corrosion can be 
explained by the nature of the sulfide films formed on the 
surface. Figure 12 illustrates the difference between the 
Cathodic Depolarization Theory and the alternative mechanism 
presented here.
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Figure 12. An illustration of the classical mechanism (left) 
and alternative mechanism (right) (from Tiller*29> ).
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The primary corrosion products that result are 
mackinawite (FeS) and siderite (FeCOa). "Both are 
transformed by sulfidation under anaerobic conditions to 
greigite and smythite, with eventual transformation to 
pyrrhotite which is particularly non-protective"<30> . Figure 
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Interretationship of the Iron Sulphides.
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Light arrow = Chemical routes 
Bold arrow — Bacterial routes
Figure 13. The interrelationship of the iron 
sulfides (from King and Miller( 4 7 > ).
The composition of the sulfide films, the rate of growth, 
and when they breakdown, is dependent on the pH of the 
system, temperature, redox potential, and relative 
concentration of the surrounding environment. The sulfide 
films moderate but do not prevent continued corrosion^47> .
As the hydrogen sulfide becomes available the iron sulfide 
film thickens and is controlled by the rate of diffusion of
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the ferrous ions. Eventually the sulfide film fails and 
becomes detached from the metal surface.
It has been suggested that the sulfide film breaks down 
due to the transformation of mackinawite to greigite. Pure 
mackinawite films have also been observed to breakdown. When 
the film breaks, the exposed metal acts as an anode and the 
protected portion of the metal acts as a cathode. The result 
is a small anodic area coupled to a large cathodic area. The 
exposed metal is subjected to an intense pitting attack and 
the iron sulfide film does not redevelop over this area (see 
Figure 14).
Figure 14. Photograph of microbial induced pitting 
(from Galbraith et a l .<62> ).
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Pitting is a form of corrosion that is extremely 
localized that can produce holes in the metal. It is one of 
the most destructive forms of corrosion due to the fact that 
it is autocatalytic. The autocatalytic process occurs when 
the corrosion process within the pit creates the necessary 
conditions that allow for the continuous corrosion of the 
p i t . Therefore, the presence of sulfide in the surrounding 
environment can cause rapidly developing catastrophic damage.
8.3.2 Iron Sulfide (FeS) and Bacterial Hydrogenase as a 
Depolarizer
King et al.ces) reported that the iron sulfide is more 
corrosive than originally believed, because the SRB 
continuously depolarize the iron sulfide by removing the 
atomic hydrogen via their hydrogenase enzyme.
8.3.3 Hydrogen Sulfide (HzS) as a Depolarizer
Costello*64> suggested that the cathodic depolarization 
by SRB was caused by the cathodic activity of the hydrogen 
sulfide that was created by the SRB. The hydrogen sulfide 
receives electrons from the metal which would produce
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hydrogen gas (Hz). The SRB would then only act indirectly on 
the iron.
8.3.4 The Corrosive Metabolite Theory
The following mechanism has been suggested but positive 
identification of the corrosive metabolite still needs to be 
established!6 5 > . Iverson suggested that
"the primary cause of bacterially produced anaerobic 
corrosion was due to a highly corrosive metabolite 
product produced by the S RB. For corrosion to occur 
by this mechanism, the corrosive metabolite must have 
access to the bare surface of the iron"!65> ,
His observations indicate that the highly corrosive 
metabolic product contains phosphorus and when it comes in 
contact with the iron's surface corrosion occurs. The 
corrosion process depends on which metabolite (phosphorus or 
hydrogen sulfide) reaches the iron's surface first. If the 
corrosive metabolite reaches the iron first, corrosion 
occurs. If hydrogen sulfide reaches the iron first, a 
film of iron sulfide forms on the metal and corrosion does 
not occur until the film is broken. This would explain some 
of the erratic results that have been observed in the field 
and in the laboratory.
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9. CONCLUSION
Even though much is known about SRB and the problems they 
cause, there is still much to be learned on how to control 
and prevent anaerobic corrosion caused by sulfate-reducing 
bacteria. Over the next several years there should be an 
increase in the amount of research on the control and 
prevention of anaerobic corrosion. There should also be an 
increase in the level of communication and cooperation 
between the microbiologist, metallurgist, and the petroleum 
engineer.
Over the last 20 years there have been tremendous 
advances in the overall understanding of SRB. Microbiologists 
still feel that there are some fundamental questions that 
remain unanswered. From a petroleum engineer's standpoint, 
once there is an understanding of the corrosion mechanism 
resulting from the presence of active SRB, then the ability 
to control and/or prevent SRB activity will exist in the 
petroleum industry. If this problem is not resolved, the 
petroleum industry will continue to spend millions of dollars 
replacing casing, tubing, pipelines, production equipment, 
and other petroleum related equipment.
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APPENDIX A: GENERAL MICROBIOLOGY OF THE SRB
A . 1 MORPHOLOGY
Morphology is a biological term that describes the shape 
and structure of an organism. In general, it is not a good 
method to identify the S RB. Pleomorphism is the ability for 
an organism to change its shape and exist in more than one 
form. SRB are prone to pleomorphism if they are grown in 
unsatisfactory environments, impure cultures, or the growth 
medium becomes old.
A flagella is a relatively long, flexible appendage that 
resembles a tail and enables the bacteria to exhibit 
spontaneous motion (motility). Flagellar morphology is an 
adequate method to initially identify SRB but if they are 
handled roughly they can lose their flagella and be 
mis-identifled.
A. 1.1 Desulfovibrio
Most are curved shaped or sigmoid, but there are 
exceptions. They may also form semilunar, straight, vibrio 
(short curved rods), spirilloid, and sometimes half empty 
coccoid (spheroid) shapes resulting from old or impure
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cultures.
Most Desulfovibrio are monotrichous (have one flagellum), 
while some species are lophotrichous (have double flagella). 
The monotrichous SRB (see Figure A . 1) possess polar 
flagellum, as indicated in Table 6 , which means that the 
flagellum emanates from one of the polar ends of the cell and 
not from a random point on the side of the cell.
Figure A.I. A monotrichous Desulfovibrio desulfuricans 
on the left (X 5000) and a spirilloid Desulf ovibrio 
desulfuricans on the right (X 3000) (from Tiller ( 2 9) ).
The Desulf ovibrio desulfuricans is the least homogeneous 
strain and is the most likely to contain pleomorphs that are 
still not recognized. There are some strains of this species 
that do not contain flagella.
If morphological comparisons are to be made then it is 
suggested that standardized growth conditions be used. For 
example, the NaCl concentration in the culture medium should
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match the NaCl concentration of the environment from which 
the SRB was obtained.
Figure A.2. Desulfovibrio gigas, bar = 10 microns
(from Postgate<11> ).
A . 1.2 Desulfotomaculum
Most are usually rod shaped but the thermophilic 
Desulfotomaculum nigrifleans sometimes have a lenticulate 
(swollen lens) shape (see Figure A.3).
The flagella of the Desulf otomaculum are usually 
peritrichous (see Figure A.4), that is, the flagella is 
attached to many places on the cell surface. Again, if the 
bacteria is handled roughly they can lose their flagella and 
sometimes "may appear to monotrichous.
The Desulfotomaculum are the only genus of SRB that can






4. A peritrichous Desulfotomaculum nigrificans 
(from Postgatet11> )•
Lenticulate Desulfotomaculum nigrif icans 
= 1 0 microns (from Postgate<11> )•
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parent (Desulfotomaculum) cell. Bacterial sporulation only 
occurs when the growth process has stopped and does not occur 
while the organism is growing. Sporulation occurs when the 
essential nutrients in the surrounding environment have 
become depleted. A spore can remain dormant for long periods 
of time and within minutes it can revert back to an active 
cell when the conditions in the surrounding environment 
become favorable. Therefore, growth and sporulation can be 
considered as two opposing processes.
Sporulation does not always occur when conditions become 
unfavorable and its occurrence cannot be predicted in this 
genus (see Figure A .5). In the laboratory they can be 
subcultured many times without forming any spores and then, 
for no apparent reason, a subculture produces spores. One 
subculture was observed to produce 90% spores<11> when the 
preceding culture did not contain spores.
Figure A.5. Desulfotomaculum acetoxidans and spores
bar = 10 microns (from Postgate<11)).
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A.1.3 Desulfobacter
This genus has the shape of stubby, ellipsoidal rods (see 
Figure A. 6 ) and their size differs according to the strain of 
this species. The different strains are a result of 
pleomorphism due to the bacteria living in different 
environments.
Figure A.6. Desulf obacter postgatei. bar = 10 microns
(from Postgate<11> )•
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A . 1.4 Desulfobulbus
They have the shape of a tapered sphere (see Figure A.7) 
that resembles a lemon or an onion and sometimes possess the 
shape of a curved rod or spiral.
Figure A.7. Desulfobulbus propionicus, bar = 10 micron
(from Postgate( 11> ).
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A . 1.5 Desulfococcus
This genus has the shape of spheres and can usually be 
found in clusters (see Figure A. 8 ).
••
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Figure A. 8 . Desulfococcus multivorans, bar = 10 microns
(from Postgate<11> ).
A . 1.6 Desulfonema
This genus contains two species and both are tactophilic, 
that is, growth is restricted to solid surfaces. Both appear 
as long, very thin filaments. The Desulf onema limicola (see 
Figure A.9) can be up to a few millimeters long and leaves an 
empty sheath behind as it moves across a surface in a gliding 
motion. The Desulf onema magnum can also be several 
millimeters long and moves with a combination gliding/rolling 
motion.
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Figure A.9. Desulfonema limicola, bar = 10 micron
(from PostgateC11> ).
A.1.7 Desulf osarcina
The one species in this genus "displays packages of 
irregular cells which can release small rod-shaped or 
ellipsoidal i n d i v i d u a l s 11> (see Figure A . 10).




Motility is a term used to describe if an organism can 
display spontaneous motion. It is a useful method to 
identify SRB, however, it should not be the only method used.
The Desulfovibrio is capable of displaying motility but 
may appear non-motile in high sulfide concentrations or after 
exposed to prolonged mechanical agitations. They usually 
exhibit rapid motility.
The Desulfotomaculum display a "non-progressive (tumbling 
and twisting' motility"*11> .
Desulfonemas have a gliding movement or a gliding 
movement coupled with a rotating motion*31> and usually leave 
tracks in the form of channels or burrows in the sediment.
Desulfobacter. Desulf obulbus, and free forms of 
Desulfosarcina*11) can sometimes be motile.
The Desulfococci genus does not display motility.
A.3 GRAM REACTION
The Gram reaction is performed to differentiate and 
distinguish bacteria under the microscope. It is also used 
to determine is the bacteria is Gram-positive or Gram- 
negative. The terms Gram-positive and Gram-negative are used
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to describe the structural difference in the cell walls of 
the bacteria. When a bacteria is Gram-negative, the cell wall 
consists of a multi-layered structure and is quite complex.
A Gram-positive bacteria has a cell wall that consists of a 
single layer which is often considerably thicker than the 
Gram-negative cell wall.
To determine the Gram reaction the bacteria is initially 
stained with a special dye then the bacteria is subjected to 
a decolorizing agent. Whether the bacteria retain or lose 
the initial stain determines if the bacteria is Gram-positive 
or Gram-negative.
SRB are Gram-negative except for the Desulf onema genus 
which are Gram-positive. Sometimes very young cultures of 
Desulf otomaculum nigrif icans have Gram-positive cells.
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APPENDIX B: CULTURE MEDIUMS THE GROWTH OF FOR SRB
B .1 MEDIUM B(ii)
Medium B is used to grow and detect the presence of the 
Desulfovibrio and Desulfotomaculum genera. It is not very 
useful for the cultivation of Desulfotomaculum acetoxidans. 
The thioglycollate and ascorbate may be omitted if the 
inoculum is fresh. Medium B is recommended if long term 
storage of the SRB is desired. A precipitate always forms in 
this medium. The pH should be kept between 7.0 and 7.5. The 
ingredients listed below should be added to 1 liter of tap 
water. If the cultivation of saltwater strains are to be 
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B .2 MEDIUM C(ii>
Medium C is clear medium that does not become cloudy 
facilitating research and visual observations. It is used to 
culture Desulf ovibrio and most species in the 
Desulfotomaculum genus. The citrate holds iron and other 
trace elements in solution. The concentration of the citrate 
can range from 0.3 to 5.0 g/liter. At the higher range of 
the citrate concentration the growth of the Desulfovibrio 
gigas will be slowed. The pH should be kept between 7.3 and 
7.7. The following ingredients should be added to 1 liter of 
distilled water. NaCl should be added if cultivation of 
saltwater strains is desired.
INGREDIENTS CONCENTRATION (g/1)
K 2 P0 4
n 4c i
NazS0 4
















B . 3 MEDIUM D< 11 )
Medium D is used to test the ability of the Desulfovibrio 
and Desulfotomaculum genera to grow in a sulfate-free medium. 
The pH should be between 7.3 and 7.7. The following 
ingredients should be added to 1 liter of distilled water. 
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B .4 MEDIUM Etii)
Medium E is used to count the number of SRB in colonies 
that form in agar. It is also used to isolate pure cultures. 
The pH should be adjusted to 7.6 with NaOH after boiling and 
dissolving the agar. The following ingredients should be 






CaClz-6 H 2 O




















ADENOSINE TRIPHOSPHATE: (ATP) A coenzyme used in energy
metabolism. The energy can be used for motility and 
growth.
AGAR : A solidifying agent derived from seaweeds.
AEROBES : Organisms that require oxygen for growth.
AEROBIC : Environment that contains oxygen.
ALCOHOLS : Organic compounds that contain one or more
hydroxyl (OH) groups.
ALDEHYDES : Substrates derived from the oxidation of primary
alcohols and contain a -CHO group.
AMINO ACIDS: The building block of proteins that contain an
amino (NH2 ) and carboxyl (COOH) group.
ANAEROBES : Organisms that grow in the absence of oxygen and
do not use oxygen for growth.
ANAEROBIC : Environment that does not contain oxygen.
ANAEROBIC RESPIRATION : "The use of inorganic electron
acceptors other than oxygen as terminal electron 
acceptors^3 8 > .
ANODE : The positive electrode in an electrolytic cell where
oxidation takes place.
BAROPHILIC: Can only grow under high pressure and not under
normal pressures.
BAROTOLERANT : Can grow under normal or high pressures.
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BIODEGRADATION: The chemical breakdown of substances by
microorganisms or their enzymes.
BIOSPHERE : A ‘thin belt * around the earth's surface where
living organisms can be found.
CATHODE : The negative electrode in an electrolytic cell
where reduction takes place.
CELLULOSE : A linear polysaccharide.
COCCI : Spherical or near spherical bacterial cells.
COMMENSAL : Where two or more types of organisms are present
in an environment where one benefits from the others 
presence while the other is not affected.
DENITRIFICATION : A form of anaerobic respiration where
nitrate (NO 3 " ) is reduced to nitrite (NO 2 ~ )> or N 2 O, or 
N 2 .
DIFFERENTIAL AERATION CELLS : When the oxygen concentration
is higher at one location on the surface of the metal 
then at another location on the metal. This creates an 
anodic and cathodic area on the metal which leads to 
intense localized corrosion on the surface of the metal.
ELECTRON ACCEPTOR: Substances accept electrons during
oxidation-reduction reactions.
ELECTRON DONOR: Substances that give up electrons during
oxidation-reduction reactions.
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ELECTRON TRANSPORT CHAIN : "A series of oxidation-reduction
reactions in which electrons are transported from a 
substrate through a series of intermediate electron 
carriers to a final acceptor establishing an 
electrochemical gradient across a membrane that results 
in the formation of ATP"<38).
FACULTATIVE ANAEROBES : Microorganisms that are capable of
growth in aerobic or anaerobic environments.
FERMENTATION: Oxidation of organic compounds in the absence
of an external electron acceptor.
FLAGELLA: A long flexible appendage on cells that is used
for locomotion.
GRAM-NEGATIVE : Cell wall consists of a complex multi-layered
structure.
GRAM-POSITIVE : Single layer cell wall and is usually thicker
than a Gram-negative cell wall.
HABITAT : Environment where living organisms exist.
HALOPHILIC: Organisms that require salt for growth.
HETEROTROPHIC: The ability for organisms to obtain carbon
from organic substances.
INCUBATION : Maintaining controlled environments to obtain
optimal growth conditions over a period of time.
INHIBITORS : Substances that retard or stop chemical actions
from occurring.
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INOCULATE : The introduction of microorganisms into an
environment that is suitable for growth.
INOCULUM : Material that is used to start a bacterial
culture.
LOPHOTRICHOUS: Having a tuft of polar flagella.
MEDIUM: A substance that supports the growth and
reproduction of microorganisms.
MESOPHILIC: Organisms that live in the temperature range of
25 - 40 °C (77 - 104 <>F) .
METHANOGENS: A group of strict anaerobes that use CO2 as an
electron acceptor and reduce it to methane (CH4 ).
MONOTRICHOUS: Having a single polar flagellum.
MORPHOLOGY : The study of shapes and structures of
microorganisms.
MOTILITY : Ability to have independent locomotion.
OXIDATION : The loss of electrons.
OXIDATION-REDUCTION POTENTIAL: (Redox potential) "a measure
of the tendency of a given oxidation-reduction system to 
donate electrons, i.e., to behave as a reducing agent, or
to accept electrons, i.e., to act as an oxidizing agent ;
determined by measuring the electrical potential 
difference between the given system and a standard 
system"(3 8) .
PERITRICHOUS: Having flagella attached randomly on the
cell's surface.
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pH : The symbol used to express the hydrogen ion
concentration.
PHAGOCYTES : Cells that can ingest or breakdown certain
types of substances.
PHENOTYPE : Experimental observations made on the
characteristics of an organism.
PLEOMORPHISM: Variation in form or size between the same
species of cells.
PSYCHROPHILIC: The ability for an organism to grow at low
temperatures.
PUTREFACTION : Microbial breakdown of protein under anaerobic
conditions.
REDUCTION : The gaining of electrons.
RUMEN : One of the four stomachs found in ruminant animals
(i.e., cows, sheep, goats) where the digestion of 
cellulose and other plant residues occur due to 
anaerobic microbial degradation.
SALINITY: The dissolved salt concentration in a solution.
TAXONOMY : The science of biological classification.
THERMOPHILIC : Organisms that can live at high temperatures,
usually above 45 - 50 °C (113 - 122 °F).
VIBRIO : Curved rod shape.
